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Instructions To Authors 


Submission of a manuscript to the Editor involves the tacit 
assurance that no similar paper, other than an abstract or prelimi- 
nary report, has been, or will be submitted for publication. 


Form and Style of Manuscript 


Carelessness in the preparation of a manuscript only leads to 
delay in publication and to waste of time on the part of Editors 
and Referees. An improperly prepared manuscript must be re- 
turned to the author for correction of technical faults regardless 
of its scientific merit. Accordingly, it is important that all con- 
tributions should be carefully examined before being submitted, 
to make sure that they conform as closely as possible to the follow- 
ing instructions. 

Manuscripts should be typed with double or triple spacing 
throughout (including references), and the original copy should 
be submitted along with one clear carbon copy. Before the manu- 
script is mailed to the Editor all errors in typing should be cor- 
rected, and the spelling of proper names and of words in foreign 
languages, the accuracy of direct quotations and bibliographical 
references, and the correctness of analytical data, as well as of 
numerical values in tables and in the text, should be carefully veri- 
fied by the author. Care in grammatical construction is essential ; 
vague, obscure, and ambiguous statements must be avoided. 
Since the Journal is read by scientists in foreign countries, techni- 
cal neologisms and ‘laboratory slang’”’ should not be used; when 
unavoidable, such terms should be defined. Variations from 
standard nomenclature and all arbitrary abbreviations should be 
explained. The forms of spelling and abbreviation used in current 
issues of the Journal should be employed, and for chemical terms 
the usage of the American Chemical Society as illustrated by the 
indexes of Chemical Abstracts should be followed. A number of 
capital letter abbreviations for substances which are frequently 
referred to in biochemical publications are widely used and gen- 
erally understood. 

A list of approved abbreviations, which may be used without 
further definition in articles in the Journal, will be found in the 
article on ‘‘Use of Abbreviations” on pages 5and6. Other abbre- 
viations should be used sparingly, and must be defined by each 
author in a footnote at the point where the first such abbrevia- 
tion occurs. Ordinarily no abbreviations should be used in sum- 
maries. For further details, see ‘‘Use of Abbreviations.” 

Separate sheets should be used for the following: (a) title, (b) 
author(s) and complete name of institution or laboratory, (c) 
running title, (d) references, (e) footnotes, (f) legends for fig- 
ures, (g) tables, and (h) other subsidiary matter. When an elab- 
orate mathematical or chemical formula (one which cannot be 
printed in single horizontal lines of type) appears in the text, a 
duplicate of it should be typed on a separate sheet. All such 
supplementary sheets, except the title, author(s), and running 
title pages, should follow the text, and all sheets should be num- 
bered in succession, the title page being page one. Manuscripts 
that do not conform to these instructions will have to be cut and 
rearranged by the printer so that the matter to be set in different 
type sizes can be separated. 


Title 


The title should be as short as is consistent with clarity; in most 
instances two printed lines are adequate to give a clear indication 
of the subject matter of the paper. The title should not include 
chemical formulas or arbitrary abbreviations, but chemical sym- 
bols may be used to indicate the structure of isotopically labeled 
compounds. A running title should be provided (not to exceed 
60 characters and spaces). 


Organization of Manuscript 


A desirable plan for the organization of a paper is the following: 
(a) introductory statement, with no heading, (6) ‘Experimental 
Procedure”’ (or ‘‘Methods’’), (c) ‘“‘Results,”’ (d) ‘“‘Discussion,’’ (e) 
“‘Summary,’’ (f) ‘“References.’? The approximate location of the 
tables and figures in the text should be indicated in the margin. 
Any general acknowledgments that are to be made should be 
placed after the Summary, just preceding the References. Men- 
tion of more specific instances of acknowledgment may be made 
in footnotes. 

1. The introductory paragraphs should state the purpose of 
the investigation and its relation to other work in the same field, 
but extensive reviews of the literature should not be given. A 
brief statement of the principal findings is helpful to the reader. 

2. The description of the experimental procedures should be as 
brief as is compatible with the possibility of repetition of the work. 
Published procedures, unless extensively modified, should be re- 
ferred to only by citation in the list of references. 

3. The results are customarily presented in tables or charts and 
should be described with a minimum of discussion. 

4. The discussion should be restricted to the significance of the 
data obtained. Unsupported hypotheses should be avoided. 

5. Every paper must conclude with a brief summary in which the 
essential results of the investigation are succinctly outlined. 

6. The references should conform to the style used in current 
issues of the Journal. In the case of books, the authors’ names 
with initials, the title in full, the edition if other than the first, 
the publisher, the place of publication, the year of publication, 
and the page should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the au- 
thor; all references should be confirmed by comparison of the final 
manuscript with the original publications. Mention of “unpub- 
lished experiments,’’ ‘‘personal communications,” etc., must be 
made in footnotes, and not included in the References. References 
to papers which have been accepted for publication, but which have 
not appeared, should be cited just as other references, with the 
abbreviated name of the journal followed by the words “‘in press.’ 
It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct 
bearing on the paper for publication. 

7. If the paper submitted is one of a series, the immediately 
preceding paper of the series should be included in the references, 
and identified as such, either in the text or in a footnote near the 
beginning of the paper. 


Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be 
made by the use of formulas when these can be printed in single 
horizontal lines of type. The use of structural formulas in run- 
ning text should be avoided. Chemical equations, structural 
formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural for- 
mulas or mathematical equations which cannot conveniently be 
set in type should be drawn in India ink on a separate sheet in 
form suitable for reproduction by photoengraving (examples, J. 
Biol. Chem., 228, 612, 630, 714, 753 (1957)). 


Tables 


For aid in designing tables in an acceptable style, reference 
should be made to current issues of the Journal. A table should 
be constructed so as to be intelligible without reference to the 
text. Only essential data should be tabulated. Every table 





should be provided with an explanatory caption, and each col- 
umn should carry an appropriate heading. Units of measure must 
always be clearly indicated. If an experimental condition, such 
as the number of animals, dosage, concentration of a compound, 
etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in a statement accompanying the table, 
and not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data 
should be avoided, and, whenever space can be saved thereby, 
statistical methods should be employed by tabulation of the num- 
ber of individual results and the mean values with their standard 
deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two 
groups of data should be accompanied by the probability derived 
from the test of significance applied. 

Only in exceptional cases, the necessity for which must be 
clearly demonstrated, may the same data be published in two 
forms, such as in a table and a line figure. 


Illustrations 


The preparation of illustrations is particularly important, and 
authors are requested to follow carefully the directions given be- 
low. In case of doubt, the Editorial Office will gladly supply spe- 
cific information. 

It is helpful to the Editorial Office if all charts and drawings are 
submitted on sheets 84 x 11 inches in size. Large sized drawings 
or those much smaller than manuscript sheets are difficult to 
handle, and the Editor reserves the right to return unsuitable 
drawings to the author with a request for new drawings which 
conform with the requirements for publication. 

Drawings that have been prepared for presentation as lantern 
slides are frequently unsuitable, since the artist is often instructed 
to include information which should properly appear in the legend 
of the published figure. 

Charts should be planned so as to eliminate all waste space and, 
when several figures are submitted, should be designed so that two 
figures can be printed side by side where appropriate. In general, 
only one figure should be drawn on a sheet, and ample margin 
should be provided for labeling and for instructions about repro- 
duction added in the Editorial Office. All drawings should be 
prepared in the same style with respect to lettering, weight of 
lines, indications of points of observation, etc. 

The scales used in plotting the data should be so chosen as to 
avoid waste of space, especially vertical space. Tall, narrow 
drawings should be avoided, as should also low wide drawings. 
Curves that can be placed on one chart without undue crowding 
should not be given in separate charts. The drawings should be 
made on Bristol board, blue tracing cloth, or on coordinate paper 
printed in light blue. Mounting on heavy cardboard is undesir- 
able. Photoengravings made from photographic prints are infe- 
rior to those prepared from the original drawings, which should, 
therefore, be submitted whenever possible. If it is necessary to 
submit photographic prints because of the excessive size of the 
originals, these should be carefully prepared. All parts of the 
chart should b« in even focus, and rules and lettering should be 
fairly thick, as well as large enough for the necessary reduction. 
When oversize original drawings are submitted, a set of small photo- 
graphic prints must also be included for the use of Referees. A 
duplicate set of figures must accompany the carbon copy of the 
manuscript. These need not be of the same quality as the orig- 
inal figures intended for publication, but must be clear and legible 
for the use of Referees. 

All charts should be ruled off on all four sides close to the area 
occupied by the curves, and descriptive matter placed on the 
ordinate and abscissa should not extend beyond the limits of these 
rules. Black India ink should be used throughout. Generally, 
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figures should be designed with the vertical height somewhat 
greater than the width, so as to fit well in a single column of the 
present format (width 3} inches). Letters and numerals should 
be uniform in size and style, and large enough so that they will be 
at least 1.5 mm high after reduction to the 34-inch width. Occa- 
sional figures may be printed so as to spread across both columns, 
if this is necessary to present full details. Drawings which con- 
tain letters or characters which do not permit reduction must be 
returned to the authors with a request that the size of the letter- 
ing be increased. 

The scales used in plotting the data should be indicated by 
short index lines perpendicular to the marginal rules of the draw- 
ings on all four sides, unless more than one scale is used on the 
ordinates, at such intervals that interpolation will permit reason- 
ably accurate evaluation of experimental points. Points of ob- 
servation should be indicated by symbols drawn with instruments. 
The significance of the symbols should be explained on the chart 
orinthelegend. If they are not explained on the face of the chart, 
only standard characters, of which the printer has type, should be 
employed (X, O, @, 0,8, A, A, ©). 

Photographs submitted for half-tone reproduction should be 
printed on white, glossy paper. The cost of half-tone reproduc- 
tions will be charged to the authors. 

Each chart, graph, and illustration should be clearly identified 
with a soft pencil on the margin, with the authors’ names, the 
number of the figure, and, if necessary, an indication of ‘‘top.”’ 
Each figure must have an explanatory legend. Legends should 
not be attached to or written on the illustration copy. 


Preliminary Communications 


Short Preliminary Communications, which appear to be of out- 
standing importance, will be given accelerated publication after 
editorial review and acceptance. The standards for acceptance 
of such manuscripts will be quite rigorous. Briefly, they may 
be stated as follows: 

1. The contribution must be, in the judgment of the Editors, 
of sufficiently immediate importance to the work of other inves- 
tigators to justify rapid publication. 

2. Adequate documentation of the reported findings must be 
presented. 

3. The length of the communication will be restricted to one 
full page in the present format of the Journal. This is approxi- 
mately 1000 words of text. If figures or tables are included, the 
permitted amount of text must be correspondingly reduced. 

4. It is ordinarily expected that such a Preliminary Communi- 
cation will be followed by a detailed report within a reasonable 
time. In some cases a very short paper may be complete in it- 
self, no further publication being required. If an author con- 
siders his communication to be final in this sense, he should so 
state in submitting the manuscript to the Editors. In such cases, 
the form of a short regular paper might be preferable (see the 
fifth paragraph following). 

5. Such short papers will not necessarily be restricted to new 
experimental findings. New interpretations of existing data 
may be published on occasion, but only in rare cases, when the 
interpretation is considered to be especially significant. 

6. The title of the manuscript, and the names and addresses of 
the authors should be given at the beginning, as in a regular 
paper. However, no summary need be included, and the head- 


ings and sub-headings commonly used in full papers may—and 
generally should—be omitted. An original and two carbon copies 
should be submitted. 

Authors should realize that questions of priority will be given 
no weight in the acceptance of such brief communications, and 
in any case priority is established by the date of receipt of the 
manuscript, not by the date of its publication. 
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The aim of the v..,nal in providing a medium for accelerated 
publication of such communications is to serve the advancement 
of the science of biochemistry. Procedures for handling such 
manuscripts are subject to modification as we gain experience in 
dealing with them. 

Quite apart from communications of this special category, we 
should like to remind authors that the Journal imposes no lower 
limit on the length of manuscripts submitted in the usual way. 
Papers which are only one or two pages long have been published 
on a number of occasions in the past, when the findings were con- 
sidered significant and the documentation and presentation were 
adequate. However, we have no desire to encourage short papers 
rather than long ones. A single long report of a comprehensive 
series of findings is generally preferred by the Editors to three or 
four short papers which, in the aggregate, require more time to 
read and to edit and also will take up more space. 


Proof-Reading 


Authors are responsible for the reading of galley proof. Print- 
ers’ errors should be marked in red on the proofs. Changes made 
by the authors should be marked in black. The cost of changes, 
other than correction of printers’ errors, will be charged to au- 
thors. Changes of text made in galley proof, other than printers’ 
errors, are very expensive and should be made only when vitally 
necessary in the interests of accuracy or clarity. Arbitrary or 
trivial changes will not be accepted by the Editor. Newly ob- 
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tained data cannot be inserted. However, where the desirability 
or necessity of the addition of a ‘‘note added in proof” can be 
demonstrated to the satisfaction of the Editor, the manuscript 
of such a note may be attached to the proof. This addition must 
then receive the approval of the Editor. 

The manuscript should be returned with the galley proofs to 
the address given on the return envelope enclosed with the proofs: 
The Journal of Biological Chemistry 
The Williams & Wilkins Company 

428 E. Preston Street 
Baltimore 2, Maryland 


Reprints 


Reprints will be issued only when ordered by authors. When 
they are to be charged to an institution, an official purchase order 
must be supplied in addition to the order form submitted with 
the proof. The total number of reprints must be ordered when 
galley proof is returned. Reprints are made at the time the 
Journal is printed, and the type is destroyed at once. Therefore, 
additional reprints cannot be supplied after an issue of the Journal 
is printed except by a photo-offset method. The crest of such 
reproduction is many times greater than that of reprints printed 
from the original type. 


Use of Abbreviations 


The Journal recognizes the utility and convenience of some 
nonstandard abbreviations for chemical substances, particularly 
in equations, tables, or figures requiring several unwieldy terms 
in close or repeated context. The Journal therefore will accept 
a limited use of abbreviations of specific meaning as defined be- 
low. However, in order that scientific writing be comprehensi- 
ble to the reader, clarity and unambiguity of expression must re- 
main prime considerations. 

Titles and summaries, which are most often translated into 
foreign languages, should be free of abbreviations, and abbrevia- 
tions should be minimized in the introductory sections. In the 
remainder of the manuscript, abbreviations may be used in the 
text sparingly and only if advantage to the reader results. 
Chemical equations, which traditionally depend upon abbrevia- 
tions, may utilize an abbreviation for a term that appears in 
full in the neighboring text. This latter procedure is also per- 
missible in summaries, when necessary to avoid excessively 
cumbrous expressions, as in equations or polymer structures. 
Such essential abbreviations in summaries would be defined 
therein when first used; e.g. flavin adenine dinucleotide (FAD). 

Formulation of Abbreviations—Abbreviations other than those 
listed or defined below should be in accordance with the following 
principles: 

The number of these introduced per article should be limited 
(3 or 4); none should be introduced except where repeated use is 
required (see above). Three letters are considered optimum in 
length. The formation of words by these letters or duplication 
of an accepted abbreviation is to be avoided. Where a number 
of derivatives, salts, or addition compounds may be formed, the 
root or common basic structure should be the one abbreviated so 
that appendages may be hyphenated to it (e.g. AMP-sulfate, 
acyl-AMP). It is suggested that abbreviated names be hyphen- 


ated throughout, even where the full name is not (e.g. glucose- 
6-P, but glucose 6-phosphate). Structural analogues of DPN 
and TPN may be abbreviated with a prefixed asterisk, e.g. 
3-acetylpyridine-*DPN, where the * is to be read as “analogue 
of.”’ Accepted symbols for elements or radicals are recommended 
where applicable (e.g. glycero-P for glycerophosphate, P-glyc- 
erate for phosphoglycerate). 

Names Ordinarily Not To Be Abbreviated—Names of enzymes 
(except when named in terms of an abbreviation, e.g. glucose- 
6-P dehydrogenase, ATPase, but glucose 6-phosphatase; RNase, 
DNase), pyridoxal, pyridoxamine, deoxypyridoxine, thiamine, 
cocarboxylase, pantothenate, folic acid, pteroylglutamate, tri- 
chloroacetic acid, perchloric acid, the tricarboxylic acid cycle and 
members thereof should not be abbreviated, nor should groups 
easily represented by chemical symbols, such as hydroxymethyl 
(CH.OH) or tetrahydro (-H,). In referring to folic acid deriva- 
tives it is recommended that the names “tetrahydrofolic acid” or 
“tetrahydrofolate” be written out in full, unless repeated many 
times in a paper, in which case the abbreviation “folate-H,” may 
be used; as also “folate-H,” for dihydrofolate. Derivatives can 
similarly be referred to, eg. “5 (or 10)-hydroxymethylfolate- 
H,” or “5 (or 10)-CH,OH-folate-Hy.” 

Accepted Abbreviations—The abbreviations in the list given 
below may be used without definition. Other abbreviations 
should be defined in a single footnote at the point of introduction 
of the first one. Accepted abbreviations are as follows (cf. 
Biochem. J., 66, 8 (1957)): 


DPN (or DPN*), diphosphopyridine nucleotide and its 


DPNH reduced form 
TPN, TPNH triphosphopyridine nucleotide and its 
reduced form 
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FAD, FADH, 


NMN 
GSH, GSSG 
CoA, acyl-CoA 


AMP, GMP, 
UMP, CMP 


IMP, 


2’-AMP, 3’-AMP (5’- 
AMP), etc. 


ADP, etc. 
ATP, ete. 


deoxy-AMP(dAMP, 
dGMP, dIMP, 
dUMP, dCMP, 
dTMP) 

RNA, DNA 

RNase, DNase 

UDP-glucose, UDP-ga- 
lactose, etc. 

Pi, FF: 


Tris 
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flavin adenine dinucleotide and its re- 
duced form 


nicotinamide mononucleotide 
glutathione and its oxidized form 


coenzyme A and its acyl derivatives 
(e.g. acetyl, etc.) 


the 5’-phosphates of ribosyl adenine, 
guanine, hypoxanthine, uracil, cy- 
tosine 

the 2’-, 3’-, (and 5/-, where needed for 
contrast) phosphates of the nucleo- 
sides 


the 5/(pyro-)diphosphates of adeno- 
sine, etc. 


the 5/(pyro)-triphosphates of adeno- 
sine, etc. 


the 5/-phosphates of 2’-deoxyribosyl 
adenine, etc. 


ribonucleic acid, deoxyribonucleic acid 
ribonuclease, deoxyribonuclease 


uridine diphosphate glucose, galactose, 
etc. 


inorganic orthophosphate and pyrophos- 
phate 


tris(hydroxymethyl)aminomethane 


Phosphorylated derivatives may be depicted as phosphate 
derivatives of the parent compounds with P- or -P represent- 
ing phosphate, as in glucose-6-P, P-glycerate, glycerol-P, P-enol- 
pyruvate, PP-ribose-P (ribosylpyrophosphate 5-phosphate). 

For Diagrammatic Representation of Polymers or Sequences— 
(a) For the amino acid residues in polypeptides, the residue with 
the free alpha-amino group (if one is present) to be understood 
to be at the left of the sequences as written (Ann. Rev. Biochem., 


16, 224 (1947)): 


Gly, Ala, Val, Leu, Ileu 

Pro, Phe, CySH, CyS, 
Met, Try 

Arg, His, Lys 

Asp, Glu, 

Glu-NH, Asp-NH, 

Ser, Thr, Tyr, 

Hypro, Hylys 


glycyl, alanyl, valyl, leucyl, isoleucyl, 
prolyl, phenylalanyl, cysteinyl, half- 
cystyl, methionyl, tryptophany] 
arginyl, histidy]l, 
aspartyl, glutamyl, 


lysyl 


glutaminyl, asparaginy] 
seryl, threonyl, tyrosyl, 
hydroxyprolyl, hydroxylysy] 


These symbols should be separated from each other by periods 


(e.g. Gly.Val.Asp.Ser). Groups of residues of unknown se- 
quence may be enclosed in parentheses and separated by commas. 
These abbreviations should be used only for amino acid residues 
in peptide linkage, never for the free amrino acids, the names of 
which should be written out in full. 

(b) For the polysaccharides (J. Chem. Soc., 1952, 5121; Chem. 
Eng. News, 31, 1776 (1953)): 


Gf, Fru, Gal, Rib, deoxy- 
Rib (dRib), etc. 


glucose, fructose, galactose, ribose, 
deoxyribose, etc. 


(These abbreviations are to be used only for derivatives or poly- 
mers of the monosaccharides, not for the free monosaccharides 
themselves, the names of which should be written out in full.) 
When it is necessary to indicate furanose, pyranose, etc., the 
letter f or p, following the saccharide abbreviation, may be used. 
Thus, Ribf for ribofuranose. To indicate a uronic acid, the 
suffix A, for acid, may be used. Thus, GA for glucuronic acid, 
GalA for galacturonic acid. To indicate a 2-amino-2-deoxy- 
saccharide, the suffix N is added to the parent saccharide symbol, 
and an N-acetyl derivative is shown by NAc. Thus, GalN for 
galactosamine, GalNAc for N-acetyl galactosemine. Configura- 
tion symbols (L-, p-) may be used as prefixes. Each residue is 
separated from the next by a hyphen; thus, UDP-GalNAc. 

(c) For polynucleotides of specific structure, the letter p to 
the left of the nucleoside initial indicating a 5’-phosphate; the 
letter p to the right, a 3’-phosphate:{ Thus, for polyribonucleo- 
tides (A, G, etc., representing the nucleosides of adenine, gua- 
nine, etc.): 


pApG 5’-O-phosphory]-adenylyl- (3’-5’) -guan- 
osine, or guanylyl-(5’-3’)-adenosine 
5’-phosphate 

ApGp adenylyl-(3’-5’)-guanosine 3’-phos- 


phate 
ApG-cyclic-p adenylyl-(3’-5’)-guanosine 2’, 3’-phos- 


phate 
for polydeoxyribonucleotides: 
d-pApGpT 5’-O-phosphoryl-deoxyadenyly1-(3’-5’)- 
deoxyguanylyl- (3’-5’)-deoxythymi- 
dine, or deoxythymidylyl-(5’-3’)-de- 
oxyguanylyl - (5’-3’) - deoxyadeno- 
sine 5’-phosphate. 


¢ Confusion between G for guanosine and for glucose, if it 
occurs, should be avoided by the use of one name in full. 

¢t For further examples of this system of abbreviation see, for 
instance, Heppel, Ortiz, and Ochoa, J. Biol. Chem., 229, 679, 695 
(1957), and especially Gilham and Khorana, J. Am. Chem. Soc., 
80, 6212 (1958). 
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UNITS OF MEASUREMENT 


Units of Mass 


kilogram kg 

gram g 

milligram mg 

microgram pg (not +) 
millimole mmole (not mm) 
micromole pmole (not um) 


Units of Concentration 


molar (mole/liter) M 
millimolar mM 
micromolar uM 
Units of Length, Area, Volume, etc. 

meter m 
centimeter cm 
millimicron my 
Angstrom (10~* cm) A 
square centimeter cm? 
cubic centimeter cc, or cm® 
milliliter ml 
microliter ul (not > ) 
sedimentation coefficient 8 
sedimentation coefficient in water at 20°, 

extrapolated to zero concentration 8°20 10 
Svedberg unit of sedimentation coeffi- 

cient (10- sec) s 
diffusion coefficient (usually given in 

cm?/sec) D 


Note that, in most instances, liter is not to be abbreviated. Use 
1, if necessary in tabular matter. 


Terms Used in Reporting Spectrophotometric Data—Because 
there are several ways of reporting spectrophotometric data and 
some conventions are not generally understood, it is essential 
for an author to indicate the relation between the symbols used. 
It is recommended that Beer’s law be stated with one of the 
following sets of symbols. 


A = OD = —logy T = amCb = eCb = a,cb 


In these equations A is absorbancy (preferred), OD is optical 
density, T is transmittancy (not transmittance, as for a plate 
of glass), C is the concentration of the absorbing substance in 
moles per liter, c is its concentration in other units (which must 
be specified), a, is the absorbancy index, am is the molar absorb- 
ancy index (identical with ¢, the molar extinction coefficient), 
and b is length of the optical path in cm. If Beer’s law is not 
applicable to a particular substance in solution, this should be 
explicitly stated; even in such cases the substance may be char- 
acterized by reporting the absorbancy at a specified concentra- 
tion. 

When a substance is characterized by a molar absorbancy 
index by use of radiant energy which is not confined strictly (as 
in a line spectrum) to the wave length or frequency specified, the 
exact value of this index will be somewhat ambiguous uuless the 
so-called spectral interval isolated is also reported. 

See, for instance, K. 8. Gibson, Spectrophotometry (200 to 1,000 
millimicrons) U. 8. Department of Commerce, National Bureau 
of Standards, Circular 484, issued September 15 (1949), U. S. 
Gov’t Printing Office, Washington, D. C.; also, W. M. Clark, 
Topics in Physical Chemistry, Second Edition, pp. 646-657, The 
Williams & Wilkins Co., Baltimore, 1952. 

Equilibrium and Velocity Constants 

Dissociation constants, association constants, and Michaelis 
constants should ordinarily be written in terms of concentrations 
in moles per liter; for instance, for the reaction Mg** + ATP*— 
MgATP*-, the association constant is: K = (MgATP*-)/(Mg**) 
(ATP*); (in units of m7). 

If other units of concentration are employed, they should be 
clearly indicated at the point where the equilibrium constant is 
defined, and where its value is given. 

Values of velocity constants should be similarly specified, first 
order velocity constants being generally given in sec™ (other 
units of time may be used on occasion, but in any case the time 
unit should be specified). Second order velocity constants are 
ordinarily given in m~™ sec™. 

The term milligram per cent (mg %) should not be used. 
Weight concentrations should be given as g per ml, g per 
100 ml, g per liter, etc. 








ANNOUNCEMENT FROM CHEMICAL ABSTRACTS 


The following announcement has been received from the office of Chemical Abstracts 
and is reprinted here for the benefit of our readers who may wish to take advantage of 
the opportunity to become abstractors for biochemical] papers. 


Chemical Abstracts needs more abstractors for biochemical papers. Abstractors 
who can handle papers in languages other than English, for example biochemists 
who can read Russian, German and French, are especially needed. Abstracting, a 
cooperative venture, is done in a spirit of service to chemistry. Satisfaction is 
found in working together on a worthwhile project. Abstracting is an effective 
way of keeping up on scientific reading. There is an honorarium of $10 per 
printed page of abstracts. Assignments of papers for abstracting are always 
flexible enough to fit the interests, language ability, and time of abstractors. 
The material to be abstracted is furnished, if necessary, and instructions are 
given. If you are interested in this opportunity, will you please write to Dr. 
Charles L. Bernier, Editor of Chemical Abstracts, The Ohio State University, 
Columbus 10, Ohio. 
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ANOTHER EXAMPLE OF THE EXPANDING KIMBLE LINE 


New, square Volumetric Flask #28040 
saves space in storage and use. 


Unrivaled in accuracy—now in “hard” glass 


The Complete Line of Kimble Volumetric Flasks 


Now, all Kimble Volumetric Flasks are made of 
“hard” glass for longer laboratory life. And 
they're offered in a variety of tolerances to meet 
every requirement. 

Precise calibration of Kimax Volumetric 
Flasks assures hairline accuracy so important in 
most of today’s laboratory work. 

Markings are extremely durable, easy to see 
and read. Each flask contains a large marking 
area for quick identification. 

“Hard” glass construction contributes excep- 


KIMBLE LABORATORY GLASSWARE 


AN (J) PRoDucT 


tional ruggedness for extra resistance to mechan- 
ical and heat shock. And Krmax Flasks provide 
excellent chemical durability. 


Kimax Volumetric Flasks are another exam- 
ple of the expanding Kimble line that enables 
you to realize maximum savings. They are avail- 
able now from your Laboratory Supply Dealer. 


If you don’t have the new Kimble Catalog 
Supplement SP-57 featuring volumetric flasks 
and MANY MORE NEW ITEMS, write to Kimble Glass 
Company, Toledo 1, Ohio, for your free copy. 
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Molécules Marquées par le Commissariat de l’Energie Atomique 


Radiochemicals with a gallic touch. By agreement 

with C.E.A., Carbon-14 labeled chemicals produced 

in France are now offered by N.E.N. to supplement 

the extensive list of chemicals synthesized in Boston. 

Stock is maintained in Boston of the chemicals of 
general interest and radiochemical stability. Most ) 
of the French radiochemicals have not been previous- 

ly prepared in this country. Write for list of C.E.A. 

chemicals and prices. 


Chromatography and other purity checks are 
made periodically as well as initially to insure 
purity of compounds shipped from our laboratories. 


ATOMLIGHT, our bi-monthly 
technical bulletin, will be 
sent on request. 


le 











Price reduction— On J uly Ist, 1959, prices were reduced 
on 155 carbon-14 labeled compounds produced by NEW 
ENGLAND NUCLEAR. Write for catalog and new price list. 


sales representatives: 


ATOMIC ASSOCIATES, Inc. 


BOSTON * NEW YORK * PHILADELPHIA 
DETROIT * WASHINGTON, D.C. * ATLANTA new england corp.° 
* CHICAGO * PITTSBURGH * DALLAS Po ee ie 


* LOS ANGELES * SAN FRANCISCO 


RADIONICS, Ltd. 


MONTREAL, CANADA 


RE 
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“VITAMIN-FREE” 
TEST CASEIN 


for Biological Procedures 


In nutritional experimentation the type of protein used may well be the most 
important dietary factor. When “Vitamin-Free” Test Casein GBI is the 
protein of choice in the deficiency diet, uniform and consistent depletion of 
test animals occurs well within the required time interval specified by the 
U.S.P. or other methods. 


“Vitamin-Free’’ Test Casein GBI is prepared by several hot-alcohol extrac- 
tions designed to remove both fat and water soluble vitamins. It is therefore 
biologically free of vitamins A and D as well as the B complex vitamins in- 
cluding vitamin B» and vitamin K. Biological tests are run at significant 
intervals to assure consistent and satisfactory results. Each lot bears a control 
number for identification purposes. “‘Vitamin-Free”’ Test Casein GBI has been 
preferred by hundreds of laboratories for over 20 years. 

“Vitamin-Free”’ Test Casein GBI is available for immediate shipment in 
5 lb., 25 Ib., 100 lb. and 250 lb. fibre drums. 


Write for GBI Bulletin 15 entitled, “Biological Test 
Diets for Experimental Animals”. This Bulletin de- 
scribes in detail a wide range of prepared diets in which 
GBI “Vitamin-Free” Test Casein is the protein source. 
Included are formula suggestions for diets deficient in 
vitamins, minerals and other factors. Ingredients for 


standard salt mixture formulas are also presented. 








GENERAL BIOCHEMICALS, INC. 


64 LABORATORY PARK + CHAGRIN FALLS, OHIO 
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New tips and tops on PYREX’ pipets 


...some of the new pipets we’ve added during the past year or so 


You can be pickier than ever about the pipets you use 
for biological work; we’ve added to and refined the entire 
line of PYREx pipets. 


New tips. There’s a bigger hole in the tip of No. 7087 
that lets you work faster with viscous liquids such as 
heavy creams, curds, and oils. Thanks to an extra-long, 
narrower tip on No. 7084, you can work more easily 
with Warburgs, small flasks and tubes, and the like. Tips 
on No. 7105 pipets, designed especially for Folin tests of 
urine and blood sera, are now uniform in length and 
diameter. 

Like all Pyrex tips these are stoned to a smooth bevel 
which reduces snagging and breakage significantly. 


New tops. No. 7086 is an Accu-RED pipet with a cotton 
plug top for safe transfer of a virus or pathogen; for the 


first time you can combine the strength and long-lasting 
marks of Accu-RED with cotton plugs. 

No. 7096 is a rinse-out pipet for accurate micro 
dilutions. 

All our tops are flat and smooth for precise finger 
control. They’re also fire polished for easy removal of 
lipstick and other stains. 

There are many more special pipets, and old standbys, 
listed in your Pyrex labware catalog LG-1 and supple- 
ments . . . along with the world’s most complete line of 
lab glassware. If you lack a copy of either, just write: 


") CORNING GLASS WORKS 


83 Crystal St., Corning, N. Y. 
CORNING MEANS RESEARCH IN GLASS 


PYREx’* laboratory ware ... the tested tool of modern research 
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HMG* 


(8-Hydroxy-6-Methyl Glutaric Acid) 


MEVALONIC 
ACID 


CHOLESTEROL 
- 


ALL AVAILABLE FROM 
STOCK 


. ANOTH See us at FAS, Booths 39, 40 ANOTHER TRACERLAB FIRST 


TRACERLAB INC. 1601 traPeto roaD 


WALTHAM 54, MASS. 


.. ANOTHER TRACERLAB FIRST . 
ANOTHER TRACERLAB FIRST .. 


ANOTHER TRACERLAB FIRST . . 
ANOTHER TRACERLAB FIRST . 
ANOTHER TRACERLAB FIRST . . 
ANOTHER TRACERLAB FIRST . 


. ANOTHER TRACERLAB FIRST . . 
. ANOTHER TRACERLAB FIRST 
. . ANOTHER TRACERLAB FIRST . 


*REFERENCES: 1. Chemical & Engineering News, November 16, 1959. Pg. 38 
2. Dekker, et al; J.B.C. 233, 434 (1958) 
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INTERNATIONAL 
MODEL PR-2 
REFRIGERATED 
CENTRIFUGE 


... first choice for 
blood fractionations and 
similar low temperature 
separations. 





HERE'S WHY MOST LABORATORY 
DIRECTORS SPECIFY THE INTERNATIONAL PR-2 
FOR LOW-TEMPERATURE SEPARATION 


... It offers positive temperature control with wide-range versatility for 
separations between —20° and +10C. 





The temperature you set on the control panel is automatically held within 
+1°C. In fact, material temperature can be maintained at 0°C indefinitely 
even at speeds up to 19,000 rpm... without subcooling rotor or chamber! 


28 INTERCHANGEABLE HEADS ..... horizontal, angle, high-speed, 
high-capacity and shaker . . . provide accessory combinations to meet 
virtually all laboratory needs. 


WIDE CAPACITY RANGE... from 4 liters down to 7 mi.... is un- 
matched in the refrigerated centrifuge class. 


Write for Bulletin P. 


INTERNATIONAL (IEC) EQUIPMENT CO. 


1212 SOLDIERS FIELD ROAD, BOSTON 35, MASSACHUSETTS 


FIRST with MOST VERSATILITY! 
LOURDES a 


AUTOMATIC 
SUPERSPEED 
CENTRIFUGES | 


CAPACITY to 3,300nI. 
SPEEDS to 17,000 RPM 
RCF to 37,000 XG 


+ 
#5; 
# 
“a 
By. | 


MODEL LRA (refrigerated) 





BOTH MODELS FEATURE... 


@ Automatic rotor acceleration 

e@ Automatic self-centering drive 

@ Automatic safety interlocks 
1ca-t @ Electro-Dynamic Braking 
(non-refrigerated) @ 1 Year Guarantee 


LOURDES INSTRUMENT CORP. 
DIVISION OF LABLINE INC. 
53rd Street & Ist Avenue, Brooklyn 32, N. Y. 


Kindly send your latest Catalog and Bulletins to: 
ee a ae ee 
INSTITUTION 

Dg See RE oe 


To SS 


Pi fee 





GY Jor the we TIME! 
ee 


Cae: 


SPIN 


_AUTOMATIC CONTROLLED 
TEMPERATURES 
DOWN TO 


-10° C. 


NEW 
MODEL 
VA-2 


LOURDES AUTOMATIC ULTRA-SUPERSPEED 
REFRIGERATED VACUUM CENTRIFUGE 


ANOTHER EXAMPLE OF LOURDES’ e Automatic rotor acceleration ¢ Continuous Hi-Vacuum system 
| LEADERSHIP IN OFFERING e Automatic self-centering drive e 400 ml. (8 x 50 ml.) at 51,000xG 
EQUIPMENT OF ADVANCED DESIGN e Automatic safety interlocks © 360 ml, (24x 15 ml.) at 51,000xG 
TO MEET YOUR e Automatic vacuum seal lubrication © Exclusive patented refrigeration design 
LABORATORY: REQUIREMENTS. e Electro-Dynamic Braking © 1 Year Guarantee 


LOURDES INSTRUMENT CORP. 


DIVISION OF LABLINE INC. 


53rd Street & 1st Avenue, Brooklyn 32, N. Y. 
Kindly send your latest Catalog and Bulletins to: 
ce, fe ae Strate thier Le 
INSTITUTION 
ADDRESS 
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Made especially for the exacting requirements of 
LABORATORY, HOSPITAL AND MEDICAL USE! 


MORE EFFECTIVE than any known detergent in 
powder form or any liquid detergent that costs four 
times as much! 


Also makers of ALCOJET for all equipment washed by 
machine and ALCOTABS in tablet form for all pipette 
washers. 


Order from your supplier or ask him for samples 
and FREE Cleaning Guide. 


Sold by All Leading Laboratory, Hospital and Sur- eet Highest 

gical Supply Dealers in the United States as well | Government Specifications 

as in 

CANADA - ENGLAND - SWITZERLAND - BELGIUM - NETHERLANDS - MEXICO 

VENEZUELA - PERU - BRAZIL - PANAMA - PUERTO RICO - HAWAII and 
BELGIAN CONGO 
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IT HAPPENED THIS MONTH... 


a glance at yesterday in relation to today 


IN APRIL—(1900) —there is a review in Nature by “J. A. T.” on the current 
controversy on the mechanism of fertilization.' Yves Delage is reported as 
suggesting that the pronucleus of the ovum is unnecessary. “The female pro- 
nucleus is perhaps useful in securing for the embryo the advantages of amphi- 
mixis, but it is not useful in fertilization nor necessary for the development 
of the parts of the organism.” This contrasts with Jacques Loeb, who states, 
“The unfertilized egg of the sea urchin contains all the elements for the pro- 
duction of a perfect pluteus....The spermatozoon may, however, carry in 
addition a number of enzymes or other material. But the ions and not the 
nucleins in the spermatozoon are essential to the process of fertilization.” 


Six decades later, geneticists and embryologists do not question the importance 
to fertilization of both egg and sperm “nucleins.” Schwarz BioResearch supplies 
many geneticists and embryologists with nucleic acids, nucleotides, nucleosides, 
purine and pyrimidine bases — either labeled with C'* or H® or isotopically 
stable. Consult our catalog for the “nuclein” you need. 


IN APRIL—(1923)—E. N. Harvey? tells us that luciferin is far more potent 
than was previously realized. In 1916 he reported that 1 part of Cypridina 
luciferin in 1.7 x 10° parts of sea water gave light visible to the unaided eye 
when mixed with luciferase. He now reports that this estimate can be bettered: 
one part lucerferin in 4 x 10'° parts of sea water! 


Because firefly-catching is more practical than diving for Cypridina, Schwarz 
BioResearch supplies firefly lanterns to modern students of bioluminescence 
and for ATP assays. We have received many glowing reports from investigators 
using both our fireflies and our ATP. Write us for full information and prices. 


IN APRIL—(1943)— Barron and Singer* report proof of the role of sulfhydryl 
groups as enzyme activators. A number of enzymes were treated with inhibitors 
and then reactivated by addition of glutathione. Enzymes whose activity could 
be restored by glutathione included pyruvate, maleate, and ketoglutarate 
oxidases; adenosine triphosphatase; d-amino acid, |-glutamic acid and mono- 
amine oxidases ; transaminases ; pancreatic lipases; and others. “Sincesucha large 
number of enzyme systems contain in their protein moiety -SH groups essen- 
tial for enzyme activity, the role of glutathione becomes of great importance.” 


Today, we are gaining even more understanding of the role of glutathione in 
enzyme activation; this is true also of cysteine/cystine and their derivatives. 
Schwarz BioResearch manufactures these, both in stable form and labeled with 
S**. We also provide co-factors such as ATP, DNP, and FAD, that may be 
required to make the reaction go. Every enzyme chemist should have our cata- 
log and price list. 

1. “J.A.T."": Experimental study of fertilization. Nature 61:551 (April 5) 1900. 2. Harvey, E. N.: The minimum 
concentration of luciferin to give a visible luminescence. Science 57:501 (April 27) 1923. 3. Barron, E. S. G., 


and Singer, T. P.: Enzyme systems containing active sulfhydryl groups. The role of glutathione. Science 97 :356 
(April 16) 1943. 


SCHWARZ BIORESEARCH, INC. - Dept. 4E - Mount Vernon, New York 


BIOCHEMICALS * RADIOCHEMICALS * PHARMACEUTICALS for research, for medicine, for industry 
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MODULAR UNITS 


for 


GAS CHROMATOGRAPHY 


A Superior New Concept Developed by RSCo 


The simplicity, speed and high sensitivity of gas chromatography—now offering 
exciting prospects to analytical chemists—are advantages which RSCo equip- 
ment enables you to enjoy with unusual long range economy. 


The unique flexibility of RSCo Gas Chromatog- 
raphy Systems removes any fear that the at- 
traction of gas chromatography is a siren call to 
invest in equipment doomed to rapid obsoles- 
cence with the frequent appearance of new 
techniques. 


You benefit with this two-way'saving: 
ke 








Initially you spend only for in- 
struments needed at the moment. 
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Additionally, these instruments 
bring to your laboratory the op- 
portunity to add refinements of 
techniques, or to adopt new 
methods by selection of those 
modules needed to supplement 
the ones in use. 


Illustrated is a typical combi- 
nation of interlocking RSCo 
modules composing a com- 
plete'system. It is contractable 
or expandable to fit your 
present and future needs. 


Write to Dept. B for literature 
describing the RSCo Gas 
Chromatography Systems— 
including katharometer detec- 
tion, ionization detection of 
highest sensitivity, capillary 
ionization detection and pro- 
visions for other new tech- 
niques. 





RSCo) RESEARCH SPECIALTIES CO. 


200 SOUTH GARRARD BLVD RICHMOND, CALIFORNIA 














See complete systems at Meeting of 
Federation of American Societies for Experimental Biology 
Chicago, April 11-15 
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NEW 
PRICE 
LIST FOR 
1960 


NEW COMPOUNDS 
PRICE REDUCTIONS 


TELEPHONE LISTING 
for FASTER SERVICE 


April 1960 


ALPHABETICAL 
PRICE LIST 


PABST LABORATORIES 
Division of Pabst Brewing Compony 
1037 W. McKinley Avenue 
Milwaukee 5, Wisconsin 





Supplement to 
Circular OR-15 




















THE SAME 
DEPENDABLE 
PABST 
SPECIFICATIONS 


NUCLEOTIDES 


COENZY MES 
COENZYME 

ANALOGS 

RNA and HYDROLYSIS 


PRO 
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NOW! 2 MODEL 








Line operated Photo-Electric 


HLUOROMETER 


For research and routine procedures the 
most precise instrument for all fluorometric 
methods of analysis is now available in two 
models: with transformer for line operation or 





EPL TTT Sa 





battery power supply. Either model provides 
precise, reliable measurements over a wide 
range of sensitivities. Ideal for extremely low 
concentrations in micro or macro volumes. 
Technical Data Available 
Specify Bulletin No. 803 BC 


FARRAND OPTICAL CO., INC. 


et a ae ae 


BRONX BLVD. AND EAST 238th STREET e NEW YORK 70, N. Y. 


Engineering, Research, Development, Design and Manufacture of Precision Optics, Electronic and Scientific Instruments 
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You'll Separate 
More Materials Faster 
with an 


ULTRACEENTRIFUels 


Rotor is quickly set in place 
without tools or connections; 
no critical balancing required. 








GENERAL PURPOSE FIXED-ANGLE ROTORS 


Large capacity for initial processing 
of biological materials. 940 ml in 
10 tubes; 51,000 x G max. 





With speeds ranging from 400 to 40,000 rpm, the Beckman/Spinco 
Model L Ultracentrifuge can fulfill both your routine and 
advanced preparative needs. Here are a few of the advantages of 
this unusually flexible instrument: 


High force when you need it—At top speeds, 144,000 Gs are 
developed with standard rotors (others to 173,000). These 
forces are more than sufficient to separate proteins and other 
materials which are well beyond the capabilities of instruments 
generating less force. 


Combines high force and high 
capacity for isolating viruses, 
microsomes. 462 ml in 12 tubes; 
105,000 x G max. 





Extremely high force allows 
separation of proteins, small viruses. 
162 ml in 12 tubes; 144,000 x G max. 





< 


SPECIAL PURPOSE FIXED-ANGLE ROTORS High force to cut operating time-Many routine separations 
can be accomplished faster at higher forces, reducing operating 
time as much as 80 percent. 


Equal effectiveness at lower force-Large-volume rotors 
handle separations requiring only nominal speeds. Turn of a knob 
varies speed to any desired rpm. 


Ultra-simplicity of operation-Less than 30 seconds 
required for start-up; subsequent operation fully automatic, 
operator’s presence not needed. 


Economical, maintenance-free operation—The Model L is a 
heavy-duty, precision instrument which can be run at high speeds 
for hundreds of hours without attention. 


We'd like to send you an APPLICATION CHART which 
gives helpful data on a variety of materials run by Model L users. 
References are included. 


Shallow tube angle (40°) results in 
minimum stirring at end of run. 
143,000 x G max. 





Steep tube angle (20°) for 
maximum sedimenting efficiency. 
000 x G. 





SWINGING BUCKET ROTORS (2) 


Ideal for zone centrifugation 
employing density gradients, and 
other special studies. 

Forces to 173,000 x G. 





For the chart and a new 12-page brochure on the Model L, 
please write to Spinco Division, Beckman Instruments, Inc., 


Stanford Industrial Park, Palo Alto, California. Ask for file L- 20 


BATCH ROTOR 


Capacity to 1600 ml, 35,000 x G. 





Beckman: 
Spinco Division q25: 
Beckman Instruments, Inc. 5,498 


SALES AND SERVICE FACILITIES ARE MAINTAINED BY BECKMAN/INTERNATIONAL DIVISION IN FIFTY COUNTRIES 





NOW - WE STOCK 3 | 


LINES of GLASSWARE 
with TEFLON 


¢ No Binding 
¥ No Freezing 


CORNING 


+ orning’s new line of Pyrex® brand 
labware with Teflon® stopcock plugs 
is now available. The 1:10 reverse 
taper** plug adjusts automatically 
. . . turns at a touch. It can’t be dis- 
lodged accidentally—yet you can re- 
move the plug in seconds by simply 
pressing the handle sideways through 
the spring housing. The entire stop- 
cock unit is corrosion-resistant. May 
be assorted with other Corning items 
for larger quantity discounts. Write 
for complete listing. 


** Patent applied for 
*Trademark for DuPont Tetrafluoroethylene 





"GYCO” 


O.: new, improved, Teflon® stop- 
cock plug with 1:5 exaggerated taper 
completely eliminates binding. It also 
features a unique bore so that you 
may adjust the flow from ultra-fine 
to full discharge! The hard borosili- 
cate glass barrel is “No-Lub”} proc- 
essed to form a smooth bearing for 
the Teflon plug. And the adjustable 
Teflon nut permits adjusting to ideal 
tension for either pressure or vacuum 
operation. For a detailed listing, see 
Combined Catalog 59 or What’s New 
for the Laboratory No. 35. 


t Patented by “SGA” 


¥ No Leaking 


¢ No Contamination 





KIMBLE 


K imbie's line of Kimax® glassware 
with Teflon® stopcock plugst is fea- 
tured in our latest issue of What's 
New for the Laboratory No. 38. The 
Teflon plug is a complete assembly 
with rugged, threaded end fitted with 
a lock washer and adjustable nut. It 
has a 1:5 exaggerated taper to pre- 
vent binding . . . is chip-resistant ... 
and provides a permanent, tight, no- 
leak seal. May be assorted with other 
Kimble laboratory glassware for 
larger quantity discounts. Write for 
Catalog 596. 


¢ Manufactured under Fischer & Porter 
Patent No. 2,876,985 


LABORATORY... 
*APPARATUS 
*INSTRUMENTS 
*CHEMICALS | 
*GLASSWARE | 
Branch Sales Offices: Albany 5, N. Y. * Boston 16, Mass. * Elk Grove Village, Ill. » Philadelphia 43, Pa. » Silver Spring, Md. 
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The superbly designed systems 

for biological, clinical and 
industrial research shown here are 
part of the complete line of 
radioactivity measuring instruments 
developed and manufactured by 
Nuclear-Chicago. Instruments 

of superior quality, versatility and 
performance have made us the 
world’s leading supplier to 

the nuclear industry. General 
Catalog R contains complete 
specifications and application 
information on these systems and 
details on our complete line. 
Please ask us for your copy. 


PRECISION 
INSTRUMENTATION FOR 
NUCLEAR: MEASUREMENTS 


LS AOTC Tate 


























phases. Ideal for continuous flow analysis. 


1, Automatic Sample Changer system cept 
35 radioactive samples and presents pri BS ae 
data on length of time required to accumulate 4. Scintillation Well Counter and 

prede’ ined number of Scaler-Spectrometer permit low background 


measurements of gamma emitting liquid or 


2. Aetigraph® system presents record of 
position and total activity of radioactive 
‘spots on strip chromatograms. 

_ 3. The Dynacon® Electrometer measures 
soft beta samples in solid, liquid, or gaseous 


nuclear-chicago 
5. Model 4000 Training System includes CORPORATION 
scaler, timer, G-M Tube, sample mount, 


radioactive reagents, pipette, sample pans. 337 E, HOWARD AVE.» DES PLAINES, IL. 
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CARBON-14 BREATH ANALYSIS 


... for the first time ever 





SIMPLE, QUICK AND INEXPENSIVE MEASURE OF 
CARBON-14 BODY BURDEN 


Carbon-14 is potentially hazardous if 
inhaled or ingested. Authorities agree that 
film badges and dosimeters are essentially 
worthless for measuring dangers associ- 
ated with carbon-14 work and that no 
practical system for routine measurement 
of the body burden of carbon-14 has been 
available. New England Nuclear scientists 
have, therefore, developed and proved a 
simple, quick, inexpensive and accurate 
method of determining carbon-14 body 
burdens by measuring carbon-14 in the 
breath. 


Available as a routine service which 
requires no technical knowledge on the 
part of users, the NENC technique meas- 
ures body burdens of carbon-14 to less 
than 1/30th of the maximum permissable 
amount of 250 microcuries. Users are 
furnished a simple apparatus and vials for 
collecting carbon dioxide from the breath. 
Vials are returned to New England 
Nuclear Corporation for counting and re- 
ports are made promptly (and by wire if 
authorized ). 


WRITE FOR BULLETIN CONTAINING COMPLETE DETAILS AND PRICES 


SALES REPRESENTATIVES: 
Atomic Associates, Inc., 
Radionics, Ltd. (Montreal). 








new england 


® 
corp. 


575 ALBANY STREET, BOSTON i8. 
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Specific Microbial Cells Can 
Be Produced CONTINUOUSLY 


Clmeucan 
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Biogen is a completely new apparatus which 
produces extremely large quantities of speci- 
fic microorganisms quickly, economically and 
continuously, under well defined conditions. 

For the first time, vastly increased investi- 
gations requiring large populations of micro- 
bial cells become fully practical in such diverse 
fields as Bacterial Physiology, Enzymology, 
Genetics, Pharmacology, Fermentation Stud- 
ies, and Virology (including Bacteriophage). 

The Biogen is self-sterilizing and has com- 
plete controls on the front panel which govern 
the sterilization cycle, speed of agitation and 
the temperature within the chamber. Four 
independently steam sterilizable valves per- 
mit sterile sampling. 











[Biogen 


Chamber temperature is maintained at 
+1°C. within a range of 20°C. to 85°C. 
Electrically powered incinerators provide a 
sterile air intake for aeration of the medium 
within the chamber as well as sterilization of 
the effluent air. 

In a recent typical run, with E. coli B 
employing 1% glucose as the limiting growth 
factor, a maximum population of 1.68 x 
10!0/ml. was attained. Furnishings for a com- 
plete Biogen laboratory are available from 
the American Sterilizer Company. Typical 
equipment includes: A full selection of Water 
Stills, Premix Tanks, Cooling Bath and Coil, 
Centrifuge, Refrigerators, Freeze Drying Ap- 
paratus and Steam or Gas Sterilizers. We 
invite inquiries as to your specific needs. 


Write for technical literature . . . 
Bulletin IC-605R. 


AMERICAN 
STERILIZER 


L ERIE * PENNSYLVANIA 
SCIENTIFIC AND INDUSTRIAL DIVISION 


World's lorgest designer and manufacturer of 
Sterilizers and Equipment for Biological Research 














Four independently steam sterilizable valves 
— as the roaeng Bowers above eliminate 


effluent air. For critical laboratory work an 
additional effluent incinerator is recommended. 








One of a series of discussions on topics of particular interest 


to those employing radioisotopes and tracer techniques. 


Let’s Talk About SCALERS... 
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Sealers have come a long way since 
Tracerlab designed and produced the first 
all-electronic automatic scaler back in 
1946. Today several hundred types, made 
by more than 50 different companies, are 
available. So, if you are planning to buy a 
new one, this eight point check list will 
help you in making your decision. Con- 
sider: 

1. The detectors it will accept. 

2. Availability of preset count and 

preset time. 

. Resolving time. 

. Power Supply Range and Stability. 

. Ability to operate automatic 
systems. 

6. Adaptability to future needs. 

7. Reputation and experience of 

manufacturer. 

8. Cost. 

When we set out to design our new 
Tracermatic series of scalers, we ‘‘threw 
away the book,” so to speak. Instead of 
going down the path of conventional de- 
sign, where new instruments evolve by 
modification of existing types, we started 
afresh with the needs mentioned above as 
the principal design criteria. The result 
was the development of the Tracermatic 
family of scalers. They are, in actual fact, 
the only new scalers on the market today. 


on & © 





Designed to be compatible with every 
standard radiation detector, the Tracer- 
matic scalers have the one microsecond 
resolving time so desirable for propor- 
tional or scintillation counting. In addi- 
tion, both resolving time and input sensi- 
tivity can be adjusted so as to permit you 
to choose the optimum values for all other 
types of detectors. The high voltage power 
supplies provide a high order of stability. 
Output voltage varies less than 0.003% 
for a 1% change in input voltage. The 
counting circuits employ cold cathode 
decades for long, trouble-free life and 
lower operating temperature. Data dis- 
plays are simple, unique and non- 
ambiguous and, furthermore, no mechan- 
ical registers are used. 

Electronically speaking, Tracermatic 
Scalers are designed to do all that any 
scaler should do — plus a little bit more. 
But, it is in functional versatility that the 
Tracermatic Scaler stands alone. You 
have never used or owned a scaler with 
which you can do so much so easily. Every 
Tracermatic Scaler has preset count. 
Most offer both preset count and preset 
time. All will operate automatic sample 
changers and data printout devices. In 
addition, Tracermatic Scalers can be 
adapted to work with standard commer- 





cial card or tape punch machines. 

And here’s an important extra — 
Tracermatic construction ...an advanced 
concept under which all electronic com- 
ponents are mounted on two side chassis 
leaving open a central column for natural 
convection cooling. If your scaler ever 
requires maintenance, two lift-away side 
panels are quickly removed to expose 
every electronic component to view and to 
easy access with the instrument in a 
normal upright position. 

Oh yes, and speaking of extras, don’t 
forget those hidden extras you get every 
time you purchase a Tracerlab product. 
The first is your assurance that compo- 
nents and workmanship are of uniformly 
high quality. Another is your knowledge 
that your instrument is a member of a 
whole family of nuclear laboratory prod- 
ucts serviced by a large staff of nuclear 
application engineers and a world-wide 
network of authorized service represent- 
atives. 

There is a Tracermatic Scaler specifi- 
cally designed for your needs (and your 
pocketbook). Write today for full details. 
Complete description of all Tracermatic 
Sealers available on request. Ask for 
bulletins FJ. 


— 





Tracerlab 


TRACERLAB, INC., 1604 Trapelo Rd., Waltham 59, Massachusetts » 2030 Wright Ave., Richmond, Cal. 
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Use a. 
BASE COMPENSATING UV FLOW ANALYZER 
with your fraction collector . . . 


ima to give you a paper chart record of UV 
absorbing compounds before they reach 
the fraction tubes 


to tell you which tubes they are in 


to reveal close compounds and fine 
structures that might be lost in whole- 
tube analysis 


monitors solvent vs eluate, records their 
ratio; fully sensitive when using UV- 
absorbing solvents. 


... the only one of its kind; 
for further details, 
write or phone today 


Delivery 


Canal Industrial Corporation 


Dept. B-4 4940 St. Elmo Avenue 
phone OLiver 6-2333 Bethesda 14, Md. 














For everyone faced with the problem 
of “writing up data”... 


Treleas: HOW TO WRITE SCIENTIFIC 
AND TECHNICAL PAPERS—3rd edition 


This manual is intended to meet the practical needs of students and research 
workers who are preparing illustrated papers on scientific or technical subjects. 
Contents: THE RESEARCH PROBLEM* WRITING THE PAPER* Goop FoRM AND 
UsaGE* TABLES« ILLUSTRATIONS * PREPUBLICATION REVIEW * PROOFREADING 


“The amount of valuable information in this small volume can only be appre- 
ciated by one who has used it. The novice writing his first scientific paper—and 
just a lot of supposedly mature workers—as well as the inexperienced editor 
and editorial assistant could spend a few hours going through this book with 
immense profit. Thereafter it will never be far away.” —Bentley Glass in Quart. 
Rev. Biol. 194 pp. 8 figs. (1958) + $3.25 





HE WILLIAMS & WILKINS COMPANY 


BALTIMORE 2, MARYLAND 
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Properties of the Phosphoprotein-Phosphoglyceric Mutase 
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The interest in enzymes which form covalent bonds with phos- 
phate has greatly increased in the last few years because they 
appear to have certain common structural characteristics in the 
region of the phosphate bond. The significance of the prop- 
erties of phosphorylated enzymes which catalyse phosphate 
transfer for the elucidation of enzyme mechanism has been ably 
discussed both by Kennedy and Koshland (1) and by Anderson 
and Jolles (2) in their papers on phosphorylated phosphog!uco- 
mutase. Work was undertaken in this laboratory on the en- 
zyme phosphoglyceric mutase which catalyses an analogous 
reaction to determine whether its properties are similar to those 
of phosphoglucomutase. This paper describes the preparation 
and stability of the phosphorylated phosphoglyceric mutase 
from yeast and muscle. The action of several protein reagents 
which are known enzyme inhibitors has been investigated for 
the crystalline muscle enzyme. 


MATERIALS AND METHODS 


Substrates—Glyceric acid 3-P (8), glyceric acid 2-P (4), glyceric 
acid 2,3-di-P (5), and phosphoenolpyruvate (6) were synthesized 
by published procedures. P*-labeled glyceric acid mono- and 
diphosphates were isolated from fluoride-poisoned yeast juice 
fermentations by a modification of Neuberg’s procedure (7). 
Yeast autolysate, 7.5 ml (obtained by suspending 5 g of air-dried 
brewers yeast! in 15 ml of distilled water for 2 hours at 37°), was 
incubated with 0.5 ml of a 2.46 m glucose solution and 1.0 ml of 
a 2.6 mM K,HPO, solution in 40-ml glass centrifuge tubes. The 
PQ, was added at this point when labeled compounds were 
desired. The mixture was placed at 40° for 4 hours and the 
same quantities of glucose and phosphate solutions were added 
again. Incubation was continued for 2 hours. At the end of 
the incubation 7.5 ml of autolysed yeast juice were added fol- 
lowed by 2.5 ml of 4% acetaldehyde and 1.0 ml of 0.4 m NaF. 
The incubation was allowed to proceed overnight at room tem- 
perature, and then placed at 37° for 2 hours. The solution was 
brought to pH 4.0 with 2 ml of glacial acetic acid, and protein 
precipitation was completed by heating in a boiling water bath 
for 30 minutes. The precipitate was removed by centrifugation 
and washed once with water. To the supernatant and washings 
(20 ml) 2 ml of 50% barium acetate were added, and a precipitate 
formed immediately. After cooling in ice, the precipitate was 
collected by centrifugation and washed with 40%, 95%, and 
absolute ethanol by centrifugation. After a final washing with 
ether an average of 100 mg of air-dried material was routinely 
obtained. Enzymatic assay of the water-insoluble material 


* Present address, Department of Biochemistry, University of 
Pennsylvania, Philadelphia 4, Pennsylvania. 
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indicated that it was approximately 50% glyceric acid 3-P, 5% 
glyceric acid 2-P, and 25% glyceric acid di-P. Nucleotide mate- 
rial was also present, as indicated by the ultraviolet absorption 
characteristics of the solution. The barium salts were converted 
to the free acids by treatment with Dowex 50(H*) and separated 
by paper chromatography on Whatman No. 1 paper with 2- 
propanol-ammonia-water (70:10:20) as the solvent system. 
The glyceric acid di-P was eluted with water and used without 
further purification in subsequent work. 

Enzymes—Phosphoglyceric mutase was assayed by coupling 
it with enolase as previously described (8), and the enzyme in 
conjunction with enolase was used to detect and determine 
glyceric acid 3-P. In the original paper the enzyme unit de- 
scribed was 0.1 mmole of phosphoenolpyruvate formed per 
minute. This should have read 0.1 umole formed per minute. 
A minor modification of the assay was the lowering of the glyceric 
acid 3-P concentration from 2 X 10-*mto1l x 10-*m. Enolase 
was crystallized by the method of Warburg and Christian (9), 
and was used to determine glyceric acid 2-P under the conditions 
described by Wold and Ballou (10). Glyceric acid di-P was 
assayed by its activating effect on the coupled mutase-enolase 
reaction when phosphoenolpyruvate was substrate (11). Pro- 
tein was determined by the method of Lowry e¢ al. (12). 

After preliminary purification had been carried out by the 
method of Cowgill and Pizer (8), rabbit skeletal muscle phospho- 
glyceric mutase was crystallized in a way analogous to that used 
by Rodwell et al. (13), to crystallize the yeast enzyme. The 10 
ml of protein solution (30 to 40 mg per ml) resulting from purify- 
ing the muscle of one rabbit (350 to 500 g) through the second 
ethanol fractionation was chilled in ice and the protein precipi- 
tated by the slow addition of 3 volumes of ammonium sulfate 
solution (saturated at room temperature and neutralized to pH 
7.0 with ammonium hydroxide). After 30 minutes in the ice 
bath the precipitate was collected by centrifugation at 10,000 
r.p.m. for 25 minutes and the supernatant discarded. The 
precipitate was suspended in about 3 ml of cold glass-distilled 
water and transferred to a 15-ml centrifuge tube. Water was 
added until only slight turbidity remained. The tube was then 
chilled in a —15° ice-salt bath and the resulting clear solution 
was placed unstoppered at 5°. After 3 to 4 days a silky sheen 
appeared when the solution was swirled, indicating the presence 
of crystals. The crystals when observed under the microscope 
were fine needles in contrast to the large plate-like crystals of the 
yeast enzyme. The crystalline enzyme had a specific activity 
of 1,300 units per mg of protein. The enrichment varied, de- 
pending on the specific activity of the original extract, between 
35- and 70-fold, and yields up to 40% were obtained. A turn- 
over number of 4 X 10‘ is estimated from the previously obtained 
kinetic data (8), the molecular weight given in this paper, and 
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TABLE [ 
Molecular weights determined during approach to 
sedimentation equilibrium 
The protein at 0.5% concentration was sedimented at 12,000 
r.p.m. with 0.1 M potassium phosphate, pH 7.0, as solvent. The 
protein had been previously dialyzed against the buffer. It had 
an 8%9 of 4.08 as determined by an independent run. 





| Molecular weights 








\Time 
At meniscus At bottom 
min, | | 
16 | 55,800 | 55,100 
32 56 ,800 | 57,200 
72 61,000 57 ,000 





Average 





57,000 + 2,000 





the measured specific activity. The crystalline yeast enzyme 
was a gift of Dr. V. Rodwell. Proteolytic enzymes were pur- 
chased from the Worthington Biochemical Corporation. 

Protein Inhibitors—1-Fluoro-2 ,4-dinitrobenzene was _ pur- 
chased from Eastman Chemicals. 5-Dimethylaminonaphthal- 
ene 1-sulfonyl chloride was purchased from the California Cor- 
poration for Biochemical Research and p-chloromercuribenzoate 
was purchased from the Matheson Chemical Company. Diazo- 
benzene sulfonic acid was prepared as described by Fraenkel- 
Conrat (14). Diisopropylfluorophosphate was a gift of Dr. L. K. 
Ramachandran. 

Radioactivity Measurements—Inorganic phosphate labeled with 
P® was obtained from the Oak Ridge National Laboratory. P* 
was determined on paper chromatograms and in fractions of 
column eluates with a Nuclear-Chicago Labitron model 1619A. 
All other samples were plated in stainless steel cups and counted 
toa probable error of 2.5% witha conventional end window coun- 
ter and scaler. Use was made of radioautography to locate 
radioactive compounds on paper chromatograms. 

Apparatus—Centrifuge runs were carried out in a Spinco model 
E analytical ultracentrifuge fitted with both the Philpott-Svens- 
son optical system and Rayleigh interference optics. Optical 
rotations were determined with a Rudolph Precision Polarimeter 
fitted with an automatic photoelectric analyzer and Beckman 
monochromator. The absorbancy of solutions was determined 
with a Beckman DU spectrophotometer fitted with a photo- 
multiplier attachment. 


RESULTS AND DISCUSSION 


Molecular Weight—Edelhoch et al. (15), reported the molecular 
weight of purified muscle mutase to be 64,000. However, as so 
many of the subsequent calculations depend on this value, the 
molecular weight of the crystalline muscle enzyme was redeter- 
mined by the approach to equilibrium method of Archibald (16). 
The value obtained was 57,000 (Table I), and was used in all 
calculations in this paper. The protein concentrations at the 
meniscus and bottom of the cell during the run, as well as that 
at zero time, were determined with the Rayleigh interference 
optical system.2 The synthetic boundary cell was used to obtain 
the protein concentration at zero time. All photographic plates 
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were read with a two-dimensional microcomparator. A single 
peak was obtained when the protein was sedimented in the ultra- 
centrifuge in the conventional manner. 

Preparation of Yeast and Muscle Phosphoenzymes—Duplicate 
solutions of 2 mmoles of imidazole-HC] buffer, pH 7.0, 180 umoles 
of synthetic glyceric acid di-P, and 18 wmoles of isolated glyceric 
acid di-P (4 X 107 c.p.m.) were incubated with 125 mg of crystal- 
line muscle mutase (specific activity 780 enzyme units per mg) 
and 73 mg of yeast mutase (1290 enzyme units per mg), respec- 
tively, in a total volume of 50 ml for 3 hours at 30°. Each incu- 
bation mixture was then dialyzed in the cold against 4 liters of 
distilled water for 5 hours, 4 liters of 0.01 m NaCl for 12 hours, 
and two additional 4 liter quantities of water for 4-hour periods. 
The final dialysates contained no detectable radioactivity. The 
solution of yeast protein was turbid, and after removal from the 
dialysis bag was clarified by centrifugation. The volume, mutase 
activity, and P® content of each solution were determined. The 
above incubation did not alter the mutase activity per mg of 
protein of either enzyme solution. The P® content of the muscle 
enzyme indicated that 1.2 moles of P*? were bound per mole of 
protein, whereas the yeast enzyme had 6.5 moles of P®? bound 
per mole of protein. Both proteins were lyophilized for storage. 

Identification of Nondialyzable P®* Compounds—1. Precipita- 
tion with acid and salt. To compare the nature of the P* ma- 
terial attached to the two enzymes, identical experiments were 
carried out with both proteins. To 1 ml of protein solution 
(2810 c.p.m. for muscle and 4400 c.p.m. for yeast) were added 1 
ml of phosphate solution (15 wg of phosphorus per ml) and 1 
ml of 15% trichloroacetic acid. After 15 minutes in the cold 
the precipitate was removed by centrifugation and the trichloro- 
acetic acid in the supernatant was removed by ether extraction. 
The inorganic phosphate in the supernatant was extracted into 
butanol-benzene (50:50) by the method of Ernster et al. (17). 
The denatured protein was dissolved by maintaining it at 100° 
for 60 minutes in 1 N HCl. The radioactivity in each fraction 
was determined. 

Precipitation of the proteins at 75% ammonium sulfate satura- 
tion showed that denaturation of the protein was not necessary 
to liberate the nondialyzable P® compounds. Of the total 
original nondialyzable P*®, 42% was retained on the muscle en- 
zyme protein, and 58% was freed into the supernatant, by both 
acid and salt precipitants. After trichloroacetic acid precipita- 
tion, 15% of the total original nondialyzable P® was present in 
the supernatant as inorganic phosphate. The yeast enzyme 
released 96% of its total phosphate into the supernatant upon 
precipitation with trichloroacetic acid; 24% of the total original 
nondialyzable phosphate was released as inorganic phosphate. 
When ammonium sulfate was used, 90% of the total phosphate 
appeared in the supernatant. Paper chromatography showed 
that the compounds liberated from both enzymes by trichloro- 


acetic acid were glyceric acid mono- and diphosphates, as well 


as inorganic phosphate. 

2. Partial Acid Hydrolysis—Both phosphorylated lyophilized 
enzyme preparations were purified by ammonium sulfate precipi- 
tation of the dissolved proteins, washing the precipitates with 
saturated ammonium sulfate solution, and subsequent dialysis. 
Portions of lyophilized purified P**-containing proteins (62.1 mg 
with 500 c.p.m. per mg of muscle enzyme and 43 mg with 60 
c.p.m. per mg of yeast enzyme) were dissolved in 10 ml of 10 N 
HCI and maintained at 40° for 72 hours. The HCl was removed 
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from the partial hydrolysates by evaporation and the resulting 
solutions chromatographed on a column of Dowex 50(H*) as 
described by Flavin (18). The elution profile of the muscle 
enzyme hydrolysate is shown in Fig. 1. Peak A from the muscle 
enzyme hydrolysate and the only P*-containing material from 
the yeast enzyme hydrolysate behaved like inorganic phosphate 
on paper chromatography in two solvent systems. Muscle 
enzyme hydrolysate Peaks B and C moved 4.0 and 7.0 cm, re- 
spectively after 36 hours in the butanol-acetic acid-water (4:1 :5) 
solvent system. (Solvent ran off the paper.) These peaks were 
eluted, taken to dryness, and dissolved in 6 N HCl. They were 
then hydrolyzed in sealed capillaries for 20 hours at 105°. The 
hydrolyzed material was chromatographed in phenol-water and 
the paper developed with ninhydrin. Peak B of the muscle 
enzyme gave spots corresponding to the amino acids serine and 
glutamic acid, whereas Peak C gave, in addition to serine and 
glutamic acid, a spot corresponding to alanine. 

It appears that the yeast and muscle phosphoglyceric mutases 
differ not only in their content of nondialyzable P*, but also in 
the attachment of P® to the protein. In the muscle enzyme the 
presence of serine in the fractions containing P® arising from 
glyceric acid di-P suggests that the phosphate is linked to the 
serine hydroxyl group by an ester bond. In yeast the phosphate 
is readily released by treatment with acid. 

Stability of Muscle Phosphoenzyme—Because of the likelihood 
of acid-catalyzed phosphate migration, the isolation of a labeled 
phosphoserine-containing peptide from a partial acid hydrolysate 
of an enzyme does not show that the phosphate is bound to the 
serine in the native protein. However, data can be obtained on 
the stability of the native phosphate-enzyme bond and something 
of its nature deduced under conditions where phosphate migra- 
tion is minimized. Such a study has been carried out for the 
phosphorylated phosphoglucomutase (1), and the same reasoning 
directed the selection of the conditions used in the following 
experiments. 

The stability of the ammonium sulfate precipitated muscle 
phosphoenzyme to acid was tested with trichloroacetic acid, as 
well as with acid molybdate before and after unfolding the protein 
with urea. After 5 mg of crystalline ovalbumin had been dis- 
solved in 1 ml of muscle phosphoenzyme solution (1.7 mg per 
ml, 1600 c.p.m.), 1 ml of 5% trichloroacetic acid was added to 
precipitate the protein. After 15 minutes in the cold the precipi- 
tate was centrifuged and the supernatant plated. The radio- 
activity found in the supernatant was 2.4% of the total present. 

To another aliquot of 1 ml of the phosphoenzyme solution used 
above were added 15 ul of phosphate solution (1 ug of phosphorus 
per ul), 0.15 ml of 10% ammonium molybdate, and 0.15 ml of 
10 n H.SO,. After 30 minutes at room temperature, the inor- 
ganic phosphate was removed by extracting with 1.6 ml of 
butanol-benzene. No radioactivity could be detected in the 
organic phase. 

A third aliquot of 1 ml of phosphoenzyme solution was diluted 
with 4 ml of water containing 1.8 g of urea (conditions known to 
denature the protein). After 60 minutes at room temperature 
3 ml were removed to a 10-ml stoppered cylinder and mixed with 
a phosphate solution containing 15 ug of phosphorus followed by 
0.5 ml of 10% ammonium molybdate and 0.5 ml of 10 n H.SOx. 
After 30 minutes at room temperature the inorganic phosphate 
was extracted with 5 ml of butanol-benzene. The radioactivity 
liberated was 1.2% of that present in the protein. Since the 
phosphate remained bound to the protein under acid conditions, 
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Fic. 1. Elution pattern of partially hydrolyzed muscle phos- 
phoglyceric mutase. The partial acid hydrolysates from the 
yeast and muscle enzymes were treated identically. The hydrol- 
ysates in 3 ml of water were placed on columns of Dowex 50(H*), 
2X 40cm. The resin (200 to 400 mesh; 8% cross-linked) had been 
washed with 3 n HCl to remove colored material and then with 
water until neutral. The columns were developed with 300 ml 
of water, fractions of 3 ml being collected at a flow rate of 0.5 ml 
per minute. A subsequent elution with 160 ml of 0.01 n HCl did 
not release additional P**-containing material. The pattern for 


the yeast enzyme had one peak corresponding in position to Peak 
A. 


it is probably not bound to a protein acyl group, enolic hydroxy] 
group, amino group, or imidazole group. 

Evidence that phosphate from glyceric acid diphosphate is 
transferred to serine hydroxy] groups on the enzyme without acid 
treatment was sought by alkali lability and proteolytic digestion 
studies. Anderson and Kelley (19) have provided isotopic evi- 
dence that the observed alkali lability of some phosphate groups 
on proteins can be accounted for by a 8-elimination reaction 
from ester linkage with 6-hydroxy acids. The release of PO, 
from the mutase in alkali was tested in the following manner. 
Five milliliters of the same enzyme solution used in the acid 
stability tests were added to 5 ml of 0.6 m KOH. The solution 
was divided into two 5 ml fractions, one incubated at 30° and 
the other at 40°. Aliquots were removed and inorganic phos- 
phate extracted into butanol-benzene, as above. Inorganic phos- 
phate was readily liberated from the protein, with 50% released 
after 1.6 hours at 40° and 3.8 hours at 30°. 

Since it is unlikely that phosphate migration should accom- 
pany proteolytic digestion of a phosphoprotein, an experiment 
was carried out to see whether proteolytic digestion of the muscle 
phosphoenzyme would produce acid-stable phosphopeptides. 
Lyophilized phosphoenzyme (8.5 mg) was dissolved in 1.5 ml 
of 0.1 N tris(hydroxymethyl)aminomethane buffer, pH 8.0. To 
this solution were added 0.1 ml of a solution of each of the follow- 
ing enzymes: trypsin, chymotrypsin, and carboxypeptidase. 
Each solution was adjusted so that 0.1 ml contained 240 ug of 
protein. The reaction was incubated at 37°. Aliquots were 
removed at various times, acidified with HCl, and applied to 
paper. The chromatogram was developed with butanol-acetic 
acid-water (4:1:5). In the zero time sample the radioactivity 
remained at the origin, but in all subsequent samples it moved 
out into the region corresponding to phosphoserine (2 to 4 cm 
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from the origin). The 24-hour sample contained inorganic phos- 
phate as well as material corresponding to phosphoserine. 

To show that the phosphate on the enzyme was still involved 
with enzymatic activity, its ability to equilibrate with unlabeled 
substrate was tested. The same phosphoenzyme solution (0.8 
ml) used in the acid stability tests was mixed with 0.2 ml of 0.5 
M imidazole-HCl, pH 7.0, 1.0 ml of 0.015 m glyceric acid 3-P, 
and 0.1 ml of 0.0015 m glyceric acid di-P. After removal of a 
small sample for enzyme assay, the mixture was incubated at 
37° for 2 hours. The specific enzyme activity was 650 units per 
mg before incubation and 560 after the 2 hours at 37°. Five 
milligrams of ovalbumin were dissolved in the solution and the 
protein precipitated with 0.7 ml of 10% trichloroacetic acid. 
After centrifugation, the trichloroacetic acid was removed from 
the supernatant by ether extraction and a sample plated. The 
protein precipitate was dissolved in 2 ml of 6 nN HCl by heating 
at 110° for 2 hours. The radioactivity in the trichloroacetic acid 
supernatant was 9.8% of the total radioactivity present. 

Glyceric acid 3-P was present in a 50-fold molar excess over 
the enzyme. The specific activity of the enzyme indicates that 
70% of the protein was enzymatically active. Therefore if 
equilibrium between the enzyme and substrate phosphate had 
been reached, more than 68% of the phosphate should have been 
in the trichloroacetic acid supernatant. The number of enzyme 
units added was such that the conversion of the glyceric acid 3-P 
to an equilibrium mixture of glyceric acid 2- and 3-P should have 
occurred within 2 hours. 

The acid stability and alkali lability of the enzyme-bound 
phosphate are consistent with its esterification to the hydroxy] 
group of serine. The presence of material corresponding to 
serine phosphate after proteolytic digestion supports this struc- 
ture. The small amount of enzyme-bound phosphate released 
upon incubation with glyceric acid mono- and diphosphates is 
not consistent with the enzymatic importance of this group, but 
since the release was greater in the presence of substrate than 
upon acid precipitation alone, the possibility of some equilibra- 
tion between enzyme bound and glyceric acid esterified phos- 
phate is not eliminated. Further studies on the stability of the 
phosphoprotein, along with the characterization of the P*- 
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labeled material released, should give a clearer picture of the 
enzymatic importance of the protein-bound phosphate. 

Phosphatase Activity—Although glyceric acid di-P phosphatase 
activity had been reported in the crystalline yeast mutase (20), 
no phosphatase activity had been found previously in the muscle 
mutase. It has now been found that the phosphatase activity 
could be detected in the muscle enzyme when the protein con- 
centration was 0.5 mg per ml or higher and the incubation was 
carried out at 37°. The following system was used to study the 
phosphatase activity in crystalline muscle mutase. To a solu- 
tion of 10 uwmoles of glyceric acid di-P and 100 umoles of imid- 
azole-HCl buffer, pH 7.0, was added a solution of crystalline 
enzyme to give a final concentration of 0.5 mg per ml in a final 
volume of 2.0ml. Incubation was carried out at 37° and aliquots 
were removed for inorganic phosphate analysis by the method 
of Fiske and SubbaRow (21). After 1 hour 1.75 pmoles of 
inorganic phosphate had been liberated. The same system was 
used for phosphatase specificity and activation studies. In addi- 
tion to glyceric acid di-P, glyceric acid 2-P, glyceric acid 3-P, 
a-glycerol-P, 8-glycerol-P, and phenylphosphate were tested 
as substrates. No phosphatase activity was detected with any 
substrate other than glyceric acid di-P. Rapoport and Leuber- 
ing (22) report that the glyceric acid di-P phosphatase in muscle 
is activated by mercury. The phosphatase activity of the above 
system was increased 3.2-fold in the first 30 minutes when mer- 
curic acetate was present at 0.001 m. Phosphatase activity of 
the system was reduced 60% when an equilibrium mixture of 
glyceric acid monophosphates was present at 0.01 m. The 
glyceric acid monophosphates and inorganic phosphate formed 
during the preparation of the phosphorylated enzyme could have 
arisen from either the action of the phosphatase or the spontane- 
ous breakdown of the phosphoenzyme. An apparent connection 
between the mutase and phosphatase has been observed by 
Joyce and Grisolia (23). The similarity of the two enzyme 
activities suggests that they may both belong to one protein: 
the transfer of phosphate to a glyceric hydroxyl constitutes the 
mutase activity, whereas that to a water hydroxyl constitutes 
the phosphatase. The stability of the isolated phosphoenzyme 
under conditions where phosphatase activity is observed should 
clarify the relationship between the two enzymes. The observa- 
tion of Koshland et al. (24) that crystalline phosphoglucomutase 
possesses proteolytic activity is an example of the dual hydrolytic 
and phosphotransferase activity on a single protein. 

Sulfhydryl Groups—Cowgill and Pizer (8) reported that the 
rabbit muscle mutase was inhibited by sulfhydryl reagents. The 
sulfhydryl group involvement in enzymatic activity has been 
studied quantitatively by the spectrophotometric titration of 
Boyer (25). A 0.05 m potassium phosphate buffer solution, pH 
7.0, 2.5 ml, containing 2.82 mg of crystalline enzyme was placed 
in a Beckman cuvette maintained at 30°. After a 20 ul portion 
of p-chloromercuribenzoate solution was added, the absorbancy 
at 255 my was read at intervals up to 45 minutes. Mutase 
activity was determined on 5 ul samples after each addition of 
the mercuribenzoate. (Enolase is not affected by the mercurial.) 
The data are presented in Fig. 2. The 255 my absorbancy in- 
creased instantaneously after the addition of mercuribenzoate 
solution, and did not alter over the 45-minute interval before 
the next mercuribenzoate addition. 

From the extinction coefficient (F255) of 7.6 x 10° for the 
mercaptide in phosphate buffer at pH 7.0 it may be calculated 
that there are 4.0 sulfhydryl groups present per mole of enzyme. 
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The first group which reacted was not involved in enzymatic 
activity, whereas the second and third groups were. The role 
of the fourth group is obscure. 

After the enzyme had been inactivated with p-chloromercuri- 
benzoate (100 ul of mercuribenzoate solution were added), it was 
treated with cysteine to test the reversibility of the inactivation. 
When cysteine buffer, 0.03 m, pH 7.0, replaced phosphate in the 
usual assay, 45% reactivation was observed. Complete reactiva- 
tion was obtained by dialysis against 0.1 m cysteine overnight. 

To rule out the possibility of the mercurial reacting with an 
imidazole group, imidazole as well as acetone-precipitated insulin 
hydrochloride were treated in the same manner as the enzyme. 
No spectral changes other than those due to the mercurial were 
observed. 

Basic Amino Acids—The basic amino acids in the muscle en- 
zyme were separated and determined exactly as described by 
Moore et al. (26). The average of two separate determinations 
was 29.8 moles of lysine and 8.8 moles of histidine per mole of 
enzyme. One determination indicated 9.5 moles of arginine per 
mole of enzyme. 

Studies on the involvement of basic amino acids in the muscle 
enzyme activity were carried out by modification of the crystal- 
line enzyme with reagents which attack specific groups in the 
protein. Parallel experiments were run with DFB* and NSC. 
DFB reacts with several groups in proteins to give stable, colored 
derivatives which can be hydrolyzed and the point of DFB 
attachment identified (27). NSC reacts with the same groups 
in proteins to give fluorescent conjugates. However, as the reac- 
tion of NSC with the imidazole ring of histidine is reversed by 
simple dialysis at pH 9.7, an indication of histidine involvement 
in enzymatic activity can be obtained (28). 

Three milliliters of 0.1 m K,HPO, containing 3.6 mg of crystal- 
line enzyme were added slowly to 0.5 ml of cold 95% ethanol 
containing 19 mg of DFB, or 9.0 mg of NSC. The contro! had 
no additive in the ethanol. After mixing and standing at 0° 
for 70 hours, the DFB solution was yellow, whereas the NSC solu- 
tion was colorless with a precipitate of sulfonic acid. Each 
protein solution was dialyzed at 4° for 18 hours against three 
1500 ml changes of distilled water. The final dialysates had no 
absorption at 360 my. The absorption spectra of the protein 
solutions were determined and the enzymatic activities tested. 
The DFB-treated enzyme had a spectral maximum at 355 my, 
and it could be calculated from the absorbancy that 17.7 DNP- 
groups were attached per mole of protein. The NSC-treated 
enzyme solution had a spectral maximum at 330 my and it could 
be calculated from the absorbancy that 19.2 residues were at- 
tached per mole of protein. Enzymatic activity was absent 
from both solutions. Dialysis of the NSC-treated enzyme at 4° 
against 0.1 m K2HPO, solution pH 9.0 for 8 hours and then 0.1 
mM K;HPO,-KOH solution pH 10.3 for 3 hours failed to restore 
enzymatic activity, although it reduced the number of NSC 
residues per mole of protein to 10.7 and altered the spectral 
maximum to 335 mu. The protein solution in which no reagent 
was present retained all its activity throughout the treatment 
with ethanol and subsequent dialysis. 

The protein solutions were taken to dryness, hydrolyzed in 
constant-boiling HCl for 16 hours at 110°, and the hydrolysates 
after removal of the HCl chromatographed on Whatman No. 1 

* The abbreviations used are: DFB, 1-fluoro-2,4-dinitrobenzene; 


NSC, 1-dimethylamino-naphthalene-5-sulfonyl chloride; DNP, 
dinitrophenyl. 
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filter paper with butanol-acetic acid-water (4:1:5). Histidine 
and tyrosine were detected with the Paule spray (29), the DNP- 
amino acids by their color, and the NSC-amino acids by their 
fluorescence. The DNP-treated protein hydrolysate contained 
easily detectable amounts of tyrosine, but no histidine. Two 
DNP-amino acids were also detected. The minor one chroma- 
tographed like imidazole-DNP histidine (27), and was not further 
examined. The major component was identified as «e-DNP- 
lysine by its Rp relative to leucine and DNP-arginine, as well as 
its characteristic grey color after treatment with ninhydrin. The 
NSC-treated protein hydrolysate contained both free histidine 
and tyrosine as well as two fluorescent spots, one orange and the 
other green. Rechromatography of the fluorescent material in 
a secondary butanol-formic acid solvent system (28) showed that 
the orange fluorescing material had the Rr of the e-lysine deriva- 
tive, whereas the green compound cochromatographed with 
5-dimethylaminonaphthalene 1-sulfonic acid. DFB and NSC 
appear to react with both the imidazole ring of histidine and the 
€-amino group of lysine, causing loss in enzymatic activity under 
very mild conditions which do not in themselves affect the en- 
zyme. The evidence for the reaction with histidine in one case 
is the absence of free histidine in the protein hydrolysate; in the 
other case it is the liberation of dye molecules, nearly equal to 
the number of known histidines, under conditions which cleave 
histidine conjugates. 

Diazobenzene sulfonic acid couples with the histidine and 
tyrosine of proteins to give a colored product whose formation 
can be readily followed. Although the reaction is not completely 
specific, the relation between color and diazotization has been 
established (30). Crystalline mutase (3.6 mg) in 3 ml of 0.1 m 
phosphate buffer, pH 7.0, was treated with 0.1 ml of a 0.5% 
solution of freshly prepared diazobenzene sulfonic acid. The 
reaction proceeded in a Beckman cuvette and the absorbancy at 
315 mu was periodically determined. The blank for these deter- 
minations was a buffered solution of the diazotized sulfonic acid 
of the same composition as the reaction mixture except for the 
exclusion of the protein. From the reaction mixture samples 
were removed periodically and assayed for enzymatic activity. 
After 15 minutes 10% of the initial enzymatic activity remained, 
and from the absorption it was calculated that approximately 
1.0 group had reacted per mole of enzyme. After 25 minutes 
the reaction was terminated by the addition of histidine, and 
the protein was freed of contaminants by extensive dialysis. 
From the absorption of the dialyzed enzyme it was calculated 
that 1.8 groups had reacted per mole of enzyme. These calcula- 
tions are based on an extinction value for coupled proteins 
previously described (30). Hydrolysis and chromatography 
indicated that both histidine and tyrosine were present in the 
hydrolysate. Since tyrosine was unavailable for reaction with 
DFB, the diazobenzene sulfonic acid probably coupled with 
histidine. 

Attempts to inhibit the mutase with diisopropylfluorophos- 
phate at several inhibitor concentrations, pH 7.0 and 8.0, and 
in the presence and absence of substrate, were unsuccessful. 

Urea and Alkali—To ascertain whether alkali and urea affect 
the structure of the mutase, the optical activity of the protein 
solution alone and in the presence of these reagents was observed 
(31). The results are shown in Fig. 3. Attempts to show altera- 
tion in optical activity on heating were unsuccessful due to 
precipitation of the protein on denaturation. The enzymatic 


activities of the alkali- and urea-treated solutions were 2.5 and 
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Fic. 3. Rotatory dispersion of phosphoglyceric mutase. 1.2 
mg of crystalline enzyme in 0.2 ml of water was added to 0.8 ml 
of water (Curve A); 0.8 ml of 0.125 m KOH (Curve B); or 0.8 ml of 
water containing 360 mg of urea (Curve C). Optical rotations were 
read ina l-dmtube. A has an intercept at 283 mu; B and C both 
have an intercept at 224 my. 


1.6% of controls, respectively, when the assay reaction was 
started by direct addition of the reagent-treated enzyme to the 
assay system. Alternatively, when the urea-treated enzyme 
was added to the buffer 30 minutes before the addition of sub- 
strate, enzymatic activity was 68% of controls. It appears that 
the enzymatically active protein has a rigid structure which is 
destroyed by hydrogen bond-disrupting reagents. However, in 
the case of urea denaturation, the destruction is partially re- 
versible. 

Comparison of Muscle Phosphoglyceric Mutase with Phospho- 
glucomutase—The experimental data presented in this paper when 
compared with those published on phosphoglucomutase indicate 
that the two mutases when isolated from rabbit muscle are 
similar. Both enzymes require a diphosphate coenzyme which 
donates phosphate to a suitable form of the enzyme. The phos- 
phate on both enzymes appears to be in ester linkage with a serine 
hydroxyl, but the amino acids joined to the serine in the peptide 
chain are different. The amino acids joined to serine in phospho- 
glucomutase (aspartic acid, serine-P, glycine) correspond to those 
found in phosphorylated proteolytic enzymes (32), whereas the 
ones in phosphoglyceric mutase (glutamic acid, serine-P, alanine) 
correspond to those in phosphorylated esterases (33). Other 
similarities are the rates of alkali liberation of protein-bound 
phosphate (1), the reversible nature of the urea inactivation (1), 
and the involvement of histidine in enzymatic activity (24). 
The lack of inhibition by diisopropylfluorophosphate is confined 
to phosphoglyceric mutase. 

No comparison can be drawn or roles assigned to amino acids 
in the active sites on the data available at present, but it may be 
speculated that sulfhydryl, imidazole, and/or ¢-amino groups 
hydrogen bond to the serine hydroxyl which is forming the new 
linkage to phosphate, increasing its ability to react. Alterna- 
tively, this role could be played by the free carboxy] of the dicar- 
boxylic acid adjacent to the serine, whereas some of the positive 
€-amino groups could bind the negative substrates. 
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SUMMARY 


The crystalline phosphoglyceric mutases from rabbit skeletal 
muscle and yeast, when incubated with P*-labeled glyceric acid 
diphosphate, both become radioactive. Part of this radioactiv- 
ity is released by treatment with acid or salt. Partial acid 
hydrolysis of the phosphoenzymes purified by salt treatment 
yields phosphopeptides from the muscle enzyme and inorganic 
phosphate from the yeast enzyme. The muscle phosphoenzyme 
purified by salt treatment is stable under a variety of acid condi- 
tions but releases P*O, in alkali. Incubation with unlabeled 
substrates releases 9.8% of the P® from the muscle phospho- 
enzyme. 

The muscle enzyme possesses sulfhydryl groups which are 
necessary for enzymatic activity. «¢-Amino groups of lysine and 
imidazole rings of histidine are available for reaction with protein 
reagents. 
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A defect in the metabolism of citric acid in ascorbic acid de- 
ficient guinea pigs was observed by Takeda and Hara (1) and 
by Banerjee et al. (2). This defect was ascribed to a decline of 
the ferrous iron concentration with subsequent decrease in aco- 
nitase activity, in scurvy (1). Banerjee et al. (2), on the other 
hand, put forward evidence that insulin insufficiency associated 
with scurvy (3) might be responsible for this metabolic derange- 
ment. The present investigation was undertaken to examine 
these contentions. 


EXPERIMENTAL 


Materials and Methods 


Excretion of Citric and Malic Acids by Normal, Scorbutic, and 
Insulin-treated Scorbutic Guinea Pigs after Feeding Succinic, Malic, 
and Citric Acids—Male guinea pigs of weights varying between 
250 and 300 g were fed green grass and a scorbutogenic diet (4) 
for 1 week. Animals which grew well were selected and were 
divided into three groups which were subsequently fed succinic, 
malic, or citric acids, respectively. Each animal was placed in 
a metabolism cage and fed the scorbutogenic diet ad libitum 
with oral supplements of 5 mg of ascorbic acid daily and 2 drops 
of a concentrate of vitamin A and D twice a week. After the 
collection of a 24-hour sample of urine under toluene, each ani- 
mal was fed one of the acids for 2 consecutive days. Twenty- 
four-hour urine samples were collected during the feeding period 
and continued 1 day after the withdrawal of the acid. Citric 
acid and malic acid were estimated in the samples of urine. The 
doses of the acids fed were 2 mmoles/100 g of body weight per 
day for succinic acid and 1 mmole/100 g of body weight per day 
for malic and citric acids. The acids were dissolved in water 
and neutralized with sodium hydroxide before use. 

After the above experiments were completed, the animals in 
each group were again divided into subgroups and placed on the 
scorbutogenic diet by the withdrawal of ascorbic acid supple- 
ment. Animals of one subgroup were given injections of prota- 
mine zine insulin (Lilly) from the beginning of the 2nd week of 
withdrawal of ascorbic acid with a dose increasing as scurvy 
progressed from 0.1 to 0.3 unit /100 g of body weight. The other 
subgroup provided the untreated scorbutic animals. In the 4th 
week, when frank symptoms of scurvy were observed, 24-hour 
urine samples were collected before addition, during addition, 
and after the withdrawal of the respective acids to the diet as 
described above. Citric and malic acids were estimated in the 
urine samples. Citric acid was estimated by the colorimetric 
method of Speck et al. (5) and malic acid by the fluorometric 
method of Hummel (6). 

Aconitase Activity of Tissues of Normal, Scorbutic, Insulin- 
treated Scorbutic, and Fet+-cysteine-treated Scorbutic Guinea 


Pigs—Healthy male guinea pigs adapted to the scorbutogenie 
diet as described above, were divided into several groups, each 
group consisting of one normal, one scorbutic, one insulin treated 
scorbutic and one Fe*+-cysteine-treated scorbutic guinea pig. 
A neutralized mixture of 0.5 ml of 0.05 m Fe+t+, as ferrous 
ammonium sulfate, and 0.5 ml of 0.2 m cysteine hydrochloride 
was injected intraperitoneally every day from the 3rd week of 
the scorbutic regime. In the 4th week, when the vitamin de- 
ficient animals showed signs of acute scurvy, the animals were 
killed and aconitase activity of liver, kidney, and skeletal mus- 
cle was determined. 

Determination of Aconitase Activity—The animal was stunned 
by a blow on the head and decapitated. Portions of the left 
lobe of the liver, the left kidney, and the right quadratus femoris 
muscle were quickly removed and chilled in ice. After weighing 
the tissue rapidly it was homogenized with 10 times its volume of 
ice-cold water (glass distilled) in an ice-cooled all glass homoge- 
nizer of the Potter-Elvehjem type (7). The homogenate was 
diluted 1:10 with ice-cold 0.2 m Tris buffer of pH 7.3; 2 ml of 
the dilute homogenate were used for the estimation of aconitase 
activity. In all preparations, 2 ml of the dilute homogenate was 
approximately equivalent to 5 mg of dry liver tissue and 3 mg of 
dry skeletal muscle and kidney tissues. 

To a 15-ml centrifuge tube were added 1 ml of 0.2 m Tris 
buffer of pH 7.3 and 1 ml of a solution containing 30 umoles of 
cis-aconitate or isocitrate at pH 7.3. The contents of the tube 
were brought to 38° by preincubating for 10 minutes. The re- 
action was started in the open tube by adding 2 ml of the dilute 
homogenate as prepared above. After incubation at 38° for 
exactly 30 minutes, the reaction was stopped by adding 2 ml of 
25% trichloroacetic acid. After mixing, the tube was centri- 
fuged and a suitable aliquot (usually 3 ml) was taken and ana- 
lysed for citric acid content by the method of Speck et al. (5). 
An enzyme blank containing no substrate and a substrate blank 
containing no enzyme were also included in the first few esti- 
mations. Since both blanks gave no measurable reading for 
citric acid, they were omitted in subsequent estimations. 

cis-Aconitic acid and the trisodium salt of isocitric acid were 
obtained from Nutritional Biochemicals Corporation. 

Activation of Aconitase—Crude enzyme preparations of tis- 
sues obtained from normal, scorbutic, insulin-treated scorbutic, 
and Fe++-cysteine-treated scorbutic guinea pigs were activated 
by the addition of Fe*+*+ and cysteine. One milliliter of the un- 
diluted homogenate of tissues as prepared above was placed in a 
50-ml Erlenmeyer flask kept in cracked ice. To it was added 
nonneutralized ferrous ammonium sulfate and neutralized cys- 
teine hydrochloride so that on dilution of the homogenate to 10 
ml with ice-cold 0.2 m Tris buffer at pH 7.3, the final concentra- 
tion of Fe+* and cysteine were, respectively, 5 X 10-4 m and 0.01 
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m. The pH of the final mixture was 7.3. After incubation of 
the mixture at 5° for 1 hour, aconitase activity was determined 
with a 2-ml portion by the method described above. A cor- 
responding control preparation containing no Fe++ and cysteine 
and omitting the 1-hour incubation was included in each estima- 
tion. 


RESULTS 


Aconitase activity was determined by the conversion of cis- 
aconitate and isocitrate to citric acid. Since the enzyme ac- 
tivity was determined in crude tissue preparations, it was felt 
desirable to study the effect of time of incubation and substrate 
concentration on the formation of citric acid from cis-aconitate 
with the crude enzyme. Fig. 1 shows the effect of incubation 
time and Fig. 2 the effect of substrate concentration on citric 
acid formation from cis-aconitate with the dilute homogenate of 
liver obtained from normal guinea pig. Fig. 3 shows the linear 
curves obtained when citric acid formed was plotted against dry 
weight of liver, kidney and skeletal muscle of normal guinea pig. 
As a result of these studies the final method of estimation of 
aconitase activity was developed. 

Citric acid excretion was enormously increased after feeding 
succinic, malic, and citric acids to scorbutic guinea pigs in com- 
parison to normal animals similarly fed. This high level of citric 
acid excretion by scorbutic animals after the administration of 
succinic and malic acids was lowered to a normal level with pro- 
longed injection of insulin. After citric acid administration to 
scorbutic guinea pigs, insulin injection caused a definite decrease 
in the citric acid excretion but the amount excreted was still 
considerably higher than that observed in normal animals simi- 
larly fed (Fig. 4). 

Malic acid excretion increased considerably in scorbutic guinea 
pigs after feeding succinic acid, in comparison to normal and 
insulin-treated scorbutic animals similarly fed. After malic acid 
was fed, the malic acid excretion by normal guinea pigs was quite 
considerable; ascorbic acid deficiency caused a still further in- 
crease in the excretion of this acid, but with insulin treatment of 
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Fic. 1. Effect of incubation time on citric acid formation from 
cis-aconitate under the action of dilute homogenates of liver of 
normal guinea pig. Each tube containing 20 umoles of cis-aconi- 
tate and 1 ml of 0.2 m Tris buffer at pH 7.3 was equilibrated for 10 
minutes at 38°. Dilute liver homogenate at pH 7.3 was added to 
it and incubated at 38°. Final volume was 4 ml. 
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Fic. 2. Effect of substrate concentration on citric acid forma- 
tion from cis-aconitate under the action of dilute liver homogenate 
of normal guinea pig. Each tube containing cis-aconitate and 1 
ml of 0.2 m Tris buffer at pH 7.3 was equilibrated for 10 minutes 
at 38°. Dilute liver homogenate at pH 7.3 was added to it and in- 
cubated at 38° for 30 minutes. Final volume was 4 ml. 
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Fic. 3. The relationship of citric acid formed from cis-aconi- 
tate to the concentration of tissues. Dilute homogenates of tis- 
sues were prepared asin the text. Thesystem contained 30 umoles 
of cis-aconitate, 1 ml of 0.2 m Tris buffer at pH 7.3, dilute homoge- 
nates and water to a final volume of 4 ml. The reaction mixture 
was incubated for 30 minutes at 38°. @——@, liver; O——O, 
kidney; X——X, skeletal muscle. 


the deficient animals, malic acid excretion returned to a normal 
level. After citric acid was fed, the amount of malic acid ex- 
creted by all animals under different treatments was quite small. 
A slightly higher value was, however, observed in scorbutic ani- 
mals than in normal and insulin-treated scorbutic animals (Fig. 
4). 

Aconitase activity of liver, kidney, and skeletal muscle as 
measured by the conversion of cis-aconitate and isocitrate to 
citric acid did not change in normal, scorbutic, insulin-treated 
scorbutic and Fe*++-cysteine-treated scorbutic guinea pigs (Ta- 
ble I). Activation of aconitase by the addition in vitro of Fe+*+ 
and cysteine could be observed in tissues obtained from insulin- 
treated scorbutic and Fe++-cysteine-treated scorbutic animals, 
but not in those from normal and scorbutic animals (Table IT). 
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Fic. 4. Effect of feeding succinic, malic, and citric acids on the 
urinary excretion of citric and malic acids by normal, scorbutic, 
and insulin-treated scorbutic guinea pigs. N, normal; S, scor- 
butic, and 7S, insulin-treated scorbutic. Figures in parentheses 
denote the number of animals used. 


TABLE [| 


Aconitase activity of tissues of normal, scorbutic, insulin-treated 
scorbutic, and Fe**-cysteine-treated scorbutic guinea pigs* 
Enzyme activity is expressed in umoles of citric acid formed 

from either cis-aconitate or isocitrate per 100 mg of dry tissue in 

30 minutes. Figures in parentheses indicate the number of ani- 























mals. 
Liver Kidney | Skeletal muscle 
Animal groups | r | F | r 
cis-aco-| iso-. | Fromcis-| ‘iO™ | From cis-| “39 
nitate | citrate | #¢omitate | citrate | 2conitate citrate 
i —s = - 
Normal (7) | 99 (60 142 53 83 \30 
| 7.7) $5.5 +15.0| 46.5) +7.8| 43.2 
Scorbutic (8) 93 65 121 51s {sil 34 
+7.9) +3.8) +14.0) +5.8| +9.8) +2.2 
Insulin-treated 100 68 128 49 ~~ \89 31 
scorbutic (9) +6.9| +5.5) +11.4) +7.8] +11.2| 44.0 
Fe*+-cysteine- 92 135 \76 | 
treated scorbutic | +9.4 +10.4 +11.9| 


(4) 





* The mean + the standard error is given. 


DISCUSSION 


Increased accumulation of citric and malic acids in the tissues 
of scorbutic guinea pigs led Banerjee et al. (2) to suggest that oxi- 
dation of citric acid might be depressed in ascorbic acid defi- 
ciency. In conditions of increased citric acid formation, depres- 
sion of citric acid oxidation would lead to an accumulation of 
citric acid in the body and would subsequently result in increased 
excretion of this acid in the urine. Takeda and Hara (1) ob- 
served an increased excretion of citric acid by scorbutic and 
a,a’-dipyridyl-injected guinea pigs after feeding butyrate to- 
gether with malate and citrate. Butyrate presumably gave rise 
to acetyl-CoA, whereas malate and citrate would supply oxalo- 
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acetate for the condensation reaction. Banerjee and Kawishwar 
(8) fed butyrate alone to scorbutic guinea pigs and found an enor- 
mous increase in the excretion of citric acid and a moderate in- 
crease in the excretion of malic acid in comparison to those of 
normal animals. The increased urinary excretion of citric acid 
as observed by us after the administration of succinic, malic, 
and citric acids in scorbutic guinea pigs possibly indicates that 
the different acids are converted into citric acid. Depressed oxi- 
dation of citric acid in scurvy would result in the increased elimi- 
nation of this acid in the urine. These observations are in agree- 
ment with the findings of Takeda and Hara (1) and Banerjee 
and Kawishwar (8). 

Banerjee and Biswas (9) observed that after feeding succinic, 
malic, and citric acids to normal guinea pigs, the urinary excre- 
tion of a-ketoglutaric acid was nearly doubled but with scorbutic 
animals there was only a small increase. They concluded that 
in ascorbic acid deficiency there exists a metabolic lesion or le- 
sions in the Krebs cycle between the levels of citric and a-keto- 
glutaric acids. It was supposed (2) that accumulation of citric 
acid in scurvy might result in the increased formation of malic 
acid through the reversal of the condensing enzyme-malic de- 
hydrogenase system (10). Low values of malic acid excretion 
by scorbutic animals following the ingestion of citric acid, how- 
ever, does not seem to support such a mechanism. The observa- 
tions of Banerjee and Biswas (9) suggests that the low values of 
malic acid excreted by scorbutic animals following citric acid 
ingestion are more likely due to decreased oxidation of the in- 
gested citric acid. 

Prolonged injection of insulin to deficient animals resulted in 
considerable lowering of the high urinary levels of citric and malic 
acids following the ingestion of the different acids mentioned pre- 
viously. This effect was striking in animals which were fed suc- 
cinic and malic acids. After feeding citric acid, this effect of 
insulin treatment could also be observed, but it was not as promi- 
nent as when succinic and malic acids were fed. The whole ef- 


TABLE II 
Activation of aconitase by addition of Fe** and cysteine 
The activity is expressed in wmoles of citric acid formed from 
cis-aconitate in 30 minutes per 100 mg of dry tissue. 





























| | Insulin- | Fet+*-cysteine- 
Normal | Scorbutic | treated treated 
| scorbutic scorbutic 
Animal No. signi 
Non . | Non - | Non : No : 
acti. Act | Aa | Act aacti- | ated | acti | ac 
winid Pee teat Nat = ee ey OPS 
Liver | | 
1 | 121 | 121 | 134 | 141 | 89 | 128 | 117 | 155 
3 | 88 88 | 104 | 111 | 111 | lll | 96 | 119 
3 85 85 | 83 | 106 79 | 106 | 81 | 133 
4 90 | 90 | 102 | 108 | 109 | 109) 74| 88 
Kidney | | 
1 109 | 109 | 149 | 159 | 105 | 105 | 147 | 176 
2 122 | 122 111 | 153 104 | 134 | 154 | 214 
3 | 126 | 126 | 188 | 159 | 103 | 120 | 127 | 161 
4 1173 | 173 | 91 | 132 | 121 | 130 | 113 | 145 
Skeletal muscle | | 
1 | 89] 89 | 85 | 85 | 74 | 80 | 106 | 99 
2 86 | 86 117 | 117 | 85 | 86 60 96 
3 71 71 65 66 | 60} 74)| 60 86 
4 so| so| 60| 72| 98 | 107 | 80 | 104 
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fect of insulin treatment of the deficient animals seems to be the 
tendency to restore to normal the metabolism through the Krebs 
cycle. This is in agreement with the earlier observations of 
Banerjee et al. (2, 8, 9, 11, 12). 

Unlike the observations of Takeda and Hara (1) we did not 
find any change in the aconitase activity of the different tissues 
of scorbutic guinea pigs. The methods adopted in the two ex- 
periments were different in details. Takeda and Hara used liver 
mitochondria whereas in the experiments presented here tissue 
homogenates were used. Previous investigators (1, 13) have 
not shown that their method of assessing the enzyme was valid 
under all conditions for which it was utilized as was established 
in this investigation. Besides, aconitase is an unstable enzyme. 
In its preparation from tissues without the use of appropriate 
stabilizing agents and involving lengthy procedures such as prep- 
aration of mitochondrial enzymes, the chances of its deterioration 
are great. It is perhaps significant that the mitochondrial en- 
zyme prepared from normal guinea pigs by Takeda and Hara 
could be activated by the addition of Fe++ and cysteine, whereas, 
in the present investigation, Fe++ and cysteine had no activating 
effect on the tissue homogenates of normal and scorbutic animals. 

Neither insulin treatment nor Fe*++-cysteine treatment of the 
deficient animals had any effect on the aconitase activity of tis- 
sues. The ratio of the rates of citrate formation from cis-aconi- 
tate and isocitrate was more or less uniformly maintained for a 
particular tissue. The ratio ranging from 1.43 to 1.65 for liver 
compares favorably with the ratio ranging from 1.49 to 1.61 ob- 
tained by Morrison (14) for enzyme fractions at different stages 
of purification. For kidney and skeletal muscle, the ratio was 
found to be rather high, the range for kidney being 2.37 to 2.67 
and for skeletal muscle, 2.38 to 2.87. 

Dickman and Clautier (15) showed that aconitase could be 
stabilized and activated by the addition of Fe++ together with 
ascorbic acid or cysteine. Takeda and Hara (1) showed that 
the reduced aconitase activity observed by them in scorbutic 
and a,a’-dipyridyl-injected guinea pigs could be activated to 
some extent by the addition of Fe++ and ascorbic acid to the en- 
zyme preparation. Results presented here show that the addi- 
tion of Fe++ and cysteine had no effect on the tissue aconitase 
activity of normal and scorbutic animals and questionable effect 
on the tissue aconitase activity of insulin-treated scorbutic and 
Fet+-cysteine-treated scorbutic animals. The results indicate 
that disposal of citric acid under the action of the aconitase sys- 
tem is, perhaps, unaffected by ascorbic acid deficiency. 

Banerjee and Biswas (9) suggested that in scurvy, the meta- 
bolic lesions in the Krebs cycle might lie at the level between 
citric and a-ketoglutaric acids. Since the defect in the aconitase 


system is ruled out, the possible defect may be either in the oxida- 
tion of isocitrate to oxalosuccinate under the action of isocitric 
dehydrogenase or in the decarboxylation of oxalosuccinate to 
a-ketoglutarate under the action of oxalosuccinic decarboxylase. 
Banerjee et al. (11) showed that the activity of the TPN-de- 
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pendent isocitric dehydrogenase was unaffected by ascorbic acid 
deficiency. The oxalosuccinic decarboxylase system remains as a 
possible site of the lesion. 


SUMMARY 


1. Citric acid excretion was enormously increased after feed- 
ing succinic, malic, and citric acids to scorbutic guinea pigs in 
comparison to normal animals similarly fed. Prolonged insulin 
treatment of the deficient animals lowered the high level of citric 
acid excretion considerably. 

2. Malic acid excretion increased considerably in scorbutic 
guinea pigs after feeding succinic and malic acids, in comparison 
to normal and insulin-treated scorbutic guinea pigs similarly fed. 
After the feeding of citric acid, amounts of malic acid excreted 
by animals under different treatments were quite small, although 
a slightly higher value could be observed in scorbutic animals 
than in normal and insulin-treated scorbutic animals. 

3. Aconitase activity of liver, kidney, and skeletal muscle as 
measured by the conversion of cis-aconitate and isocitrate to 
citric acid did not change in normal, scorbutic, insulin-treated 
scorbutic, and Fe++-cysteine-treated scorbutic animals. Activa- 
tion of aconitase by the addition in vitro of Fe++ and cysteine 
could not be observed in tissues obtained from normal and scor- 
butic animals. 


4. The significance of these results in relation to citric acid 


metabolism and the operation of the Krebs cycle in scurvy has 
been discussed. 
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Neish (1) and Loewus and Jang (2) have demonstrated that 
higher plants are able to utilize exogenous p-galactose and 
L-arabinose for the synthesis of cell wall polysaccharides. Ex- 
periments in which p-galactose labeled with C* in the first 
carbon atom was fed to wheat plants have shown that the 
carbon skeleton of the p-galactose is incorporated into cellulose 
with very little randomization of label (1). Similarly, when 
specifically labeled t-arabinose was fed to wheat plants or to 
strawberries it was incorporated into xylan without randomiza- 
tion (1, 2). 

Current concepts on the biosynthesis of plant cell wall poly- 
saccharides suggest that the infiltrated monosaccharides must 
enter a sugar nucleotide pool before being converted to poly- 
saccharides (3). The similarity in structure between p-galactose 
and L-arabinose further suggests that their metabolic pathways 
into such a pool may be similar, as shown in the following reac- 
tion sequence: 


(a) (b) 
p-Galactose ————> a-p-galactose 1-phosphate ————> 





(1) 
») 
UDP-p-galactose ee UDP-p-glucose ---> cellulose 
: : (e) 
L-Arabinose » B-L-arabinose 1-phosphate ————> 2) 
2 


(f) 





UDP-1t-arabinose UDP-p-xylose ---> xylan 


Enzymatic systems catalyzing reactions (6), (c), (e), and (f) 
have been previously described in plants (4). Evidence for 
reaction (a) has been obtained by Hassid et al. (5), who found 
that p-galactose infiltrated into the leaves of Canna indica is 
rapidly converted to an acid-labile phosphate ester of p-galac- 
tose, presumably p-galactose 1-phosphate. The present paper de- 
scribes the phosphorylation of p-galactose and L-arabinose (re- 
actions (a) and (d)) by cell-free preparations from seedlings of 
Phaseolus aureus. 


EXPERIMENTAL 


Substrates—ATP, UTP, GTP, and CTP were purchased from 
the Sigma Chemical Company. Uniformly labeled C"*-L-arabi- 
nose (31 we per umole) was prepared by acid hydrolysis (1 N 
HCl, 100°, 15 minutes) of a mixture of UDP-p-xylose and UDP- 
L-arabinose labeled with C“ in the pentosyl moiety (6) followed 
by purification of the L-arabinose by two-dimensional chroma- 


* This investigation was supported in part by a research grant 
(No. A-1418) from the United States Public Health Service, Na- 
tional Institutes of Health, and by a research contract with the 
United States Atomic Energy Commission. 


tography. Uniformly labeled p-galactose (9.4 we per umole) 
(7), p-arabinose (31 we per umole) (8), and authentic a- and 
B-p-galactose 1-phosphate and a- and -L-arabinose 1-phosphate 
(9) were supplied by Dr. E. W. Putman. A mixture of a- and 
B-L-arabinofuranose 1-phosphate was a gift of Dr. H. G. Khor- 
ana. 

A mixture of radioactive a-p-xylose 1-phosphate and -.- 
arabinose 1-phosphate was obtained by treatment of a mixture 
of UDP-p-xylose and UDP-t-arabinose with nucleotide pyro- 
phosphatase. 

Enzyme Preparations—All steps of the following preparation 
were carried out at 0-4°. Mung bean (Phaseolus aureus) seed- 
lings (100 g) were ground to a slurry with 1 to 2 g of acid-washed 
sand in a chilled mortar in 70 ml of buffer consisting of 0.4 m 
sucrose, 0.01 M sodium-potassium phosphate buffer pH 7, and 
0.01 m mercaptoethanol. After filtration through cheesecloth, 
the homogenate was freed of coarse debris and starch by cen- 
trifugation at 2,000 x g for 5 minutes. The supernatant liquid 
was centrifuged at 18,000 x g for 30 minutes, and the precipi- 
tate so obtained was suspended in 0.5 ml of 0.5 m Tris buffer, 
pH 7.5, 0.1 m with respect to mercaptoethanol, to give a final 
volume of 1.0 ml. This suspension will be designated as a 
“mitochondrial” preparation. 

The mitochondrial suspension was treated with digitonin to 
yield a “solubilized” enzyme. Mitochondrial suspension (1.0 
ml) was diluted with 1.0 ml of 0.1 m Tris buffer, pH 7.5 (0.1 m 
with respect to mercaptoethanol) and vigorously shaken by 
hand for approximately one-half minute with 2 ml of 1% solu- 
tion of digitonin, also 0.1 m with respect to mercaptoethanol. 
To the supernatant liquid obtained after centrifugation at 
18,000 x g for 30 minutes, ammonium sulfate was added to 
70% of saturation and the protein precipitate was dissolved in 
0.2 ml of 0.1 m Tris buffer, pH 7.5 (0.1 m with respect to mer- 
captoethanol) and dialyzed 4 to 20 hours against 1 liter of the 
same buffer. Such preparations contained 7 to 13 mg protein 
per ml. 

An enzyme possessing pyrophosphorylase activity was pre- 
pared from mung bean seedlings as previously described (4). 
Human seminal plasma was used as acid phosphatase. A 
preparation from Saccharomyces fragilis, strain C-106, contain- 
ing D-galactokinase, was obtained from Dr. M. Heinrich. It 
was used after dialysis against 0.1 m Tris buffer, pH 7.5, for 18 
hours. The product after dialysis contained 26 mg of protein 
per ml. Nucleotide pyrophosphatase (10) was obtained from 
Dr. H. A. Barker. A preparation of inorganic pyrophosphatase 
(11) was a gift from Mr. C. Squires. 


Analytical Methods—Protein concentration was estimated by 
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the method of Lowry e¢ al. (12). Phosphate was determined 
by the method of Lowry and Lopez (13), pentose by the method 
of Mejbaum (14), and reducing sugar by the method of Park 
and Johnson (15). Paper electrophoresis was carried out in 
0.2 M ammonium formate buffer, pH 3.6, or in 0.2 M ammonium 
acetate buffer, pH 6.1, on oxalic acid-washed Whatman No. 1 
paper at 22 to 35 volts per cm. Paper chromatography of 
phosphorylated compounds was performed radially on disks of 
oxalic acid-washed Whatman No. 1 paper, with the use of a 
solvent consisting of 70 parts of 95% ethanol and 30 parts of 
1.0 M ammonium acetate, pH 7.3 (16). Monosaccharides were 
chromatographed two-dimensionally on Whatman No. 1 paper 
with water-saturated phenol in the first dimension and butanol- 
acetic acid-water (52:13:35) in the second. Sugars were de- 
tected with p-anisidine phosphate spray reagent (1 g of p-anisi- 
dine phosphate in 140 ml of 70% ethanol). Phosphate esters 
were detected with the spray reagent of Bandurski and Axelrod 
(17). Radioactive substances were located on paper by auto- 
radiography, eluted from the paper, and counted on plastic 
planchets with a thin window Geiger-Miiller tube coupled to a 
Berkeley Scientific Corporation decimal scaler. 

All enzymatic reactions and acid hydrolyses in volumes of 
50 ul or less were carried out in capillary tubes of 1.2 to 1.5 mm 
diameter (18), and all substrates were neutralized before mixing. 


RESULTS 


Phosphorylation of Radioactive p-Galactose and 1-Arabinose— 
Incubation of C-labeled p-galactose or L-arabinose with mung 
bean preparations in the presence of ATP and MgCl, resulted 
in the formation of radioactive material with the electrophoretic 
mobility of the respective sugar phosphate. The data presented 
in Table I show that although the mitochondrial preparation 
was capable of phosphorylating both p-galactose and L-arabi- 
nose, the solubilized preparation phosphorylated L-arabinose 
only. Neither preparation phosphorylated p-arabinose. Yeast 
p-galactokinase did not attack L-arabinose. 

Nucleotide and Metal Requirements—Table II shows the effect 
of omitting ATP or replacing it with other nucleoside triphos- 
phates. The presence of ATP caused a substantial increase in 
the formation of both the p-galactose phosphate and L-arabinose 
phosphate. The addition of UTP and GTP caused a slight 


TABLE I 
Phosphorylation of p-galactose and L-arabinose 

The incubation mixtures contained 1 wymole ATP, 0.25 umole 
MgClo, radioactive sugar in the following quantities: p-galactose, 
7.5 X 10-* umole (0.07 uc), L-arabinose, 1.0 X 10-3 umole (0.03 ue), 
p-arabinose, 8 X 10-* umole (0.25 ue), and 20 ul of enzyme prepara- 
tion in a total volume of 40 ul. Incubation was carried out at 37° 
for 2 hours in the case of the mung bean enzymes, and for 30 min- 
utes in the case of the yeast enzyme. The digests were then sub- 
jected to electrophoretic separation at pH 3.6. 

















Phosphorylation 
Substrate seo 
Mitochondrial Solubilized Yeast 
preparation preparation preparation 
ae le ope see 
p-Galactose 11 1.1 98 
L-Arabinose 18 | 40 0.8 
p-Arabinose <0.5 <0.5 
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TaBLeE II 


Nucleotide requirement for phosphorylation of p-galactose 
and L-arabinose 

The incubation mixture contained 1 pmole of the nucleotide in- 
dicated in the table, 0.25 umole MgCl, 4.3 X 10-* umole (0.04 uc) 
p-galactose or 3.2 X 10-4 umole (0.01 we) L-arabinose. Phospho- 
rylation of p-galactose was carried out in the presence of 20 ul 
of mitochondrial preparation, whereas the phosphorylation of 
L-arabinose was carried out in the presence of 20 ul of solubilized 
enzyme, in a total volume of 40 wl. After 2 hours at 37°, the sugar 
phosphates were separated from the unreacted sugar by elec-, 
trophoresis at pH 3.6. 




















| Phosphorylation 
Nucleotide added 
| p-Galactose t-Arabinose 
% % 

None 5 2 
ATP 43 81 
Urr 2 14 
GTP 1 16 
CTP 1 2 

TABLE III 


Metal requirement for phosphorylation of p-galactose 
and t-arabinose 
The incubation mixtures contained 0.25 umole of the divalent 
metal ion indicated in the table, 1 ymole ATP, 4.3 X 10-3 umole 
(0.04 uc) p-galactose or 3.2 X 10-4 umole (0.01 yc) L-arabinose. 
Incubations were carried out as described in Table II. 

















Phosphorylation 
Metal added 
p-Galactose t-Arabinose 
% % 
None | 31 9 
Mg** | 43 81 
Mn*+ 20 88 
Cot+ 33 78 








formation of L-arabinose phosphate, indicating that this enzyme 
may not be completely specific for ATP. 

The solubilized preparation (which had been dialyzed for 20 
hours) was unable to phosphorylate L-arabinose in the absence 
of a divalent metal such as Mg++, Mn++, or Cot++ (Table III). 
The mitochondrial preparation displayed no such metal re- 
quirement in the phosphorylation of p-galactose, presumably 
because sufficient metal was bound to the particles. 

Identification of Radioactive Sugar Phosphates—The electro- 
phoretically mobile radioactive compounds produced by incu- 
bating p-galactose and L-arabinose in the systems described 
above were eluted from the paper and subjected to a number 
of tests. 

Treatment of these compounds with seminal phosphatase 
resulted in their complete conversion to substances neutral at 
pH 3.6, which were shown to be identical with p-galactose and 
L-arabinose when chromatographed two-dimensionally, indicat- 
ing that the compounds were the phosphate esters of these 
sugars. These phosphate esters were shown to be acid labile, 
as they were completely converted to the corresponding free 
sugars by treatment with 1 N HCl for 15 minutes at 100°. The 
L-arabinose phosphate was chromatographically identical with 
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L-arabinopyranose 1-phosphate in a solvent in which this com- 
pound migrates more slowly than L-arabinofuranose 1-phosphate 
(95% ethanol-1 m ammonium acetate pH 6.0, 70:30, 0.001 m 
with respect to ethylenediaminetetraacetic acid). In a typical 
experiment, the L-arabinopyranose 1-phosphate had moved 15.4 
cm after 22 hours at room temperature, whereas the L-arabino- 
furanose 1-phosphate had migrated 21.3 cm. 

When the p-galactose phosphate and t-arabinose phosphate 
were incubated with UTP, MgCl., mung bean pyrophosphoryl- 
ase, and inorganic pyrophosphatase, all of the L-arabinose phos- 
phate and 85% of the p-galactose phosphate were converted to 
compounds with the electrophoretic mobility of UDP-.-arabi- 
nose and UDP-p-galactose, respectively. When the UDP-t- 
arabinose was eluted from the paper and subjected to the action 
of a mung bean preparation containing UDP-t-arabinose 4-epi- 
merase activity, it was converted to a mixture containing 46% 
UDP-p-xylose and 54% UDP-t-arabinose. This ratio of the 
two UDP-pentoses is very close to the equilibrium ratio of 1.0 
(19). 

Phosphorylation of 1-Arabinose on Micromolar Scale—Eighty 
micromoles of L-arabinose, 200 umoles of ATP, and 50 umoles of 
MgCl. were incubated with solubilized enzyme (72 mg of pro- 
tein) in a total volume of 5.4 ml at pH 7. An aliquot of 20 ul 
was simultaneously incubated with 0.02 ue of radioactive L- 
arabinose. Electrophoresis of this aliquot showed that approxi- 
mately 15% of the t-arabinose had been phosphorylated in 2 
hours. In spite of the low yield of L-arabinose phosphate, the 
incubation was stopped at this point by immersion into a boiling 
water bath for 1 minute, as most of the ATP had been removed 
by the combined action of the kinase and of phosphatases which 
were present in the solubilized preparation. 

After removal of denatured protein, the digest was subjected 
to electrophoresis at pH 3.6 on several sheets of paper. Radio- 
active pentose 1-phosphate (0.1 yc, 0.003 umole) was added to 
facilitate the localization of the unlabeled material. The pen- 
tose phosphate region was eluted and the sugar phosphate 
separated from the contaminating ADP and ATP by paper 
chromatography. It was then subjected to further electro- 
phoretic purification at pH 6.1. The yield of phosphate ester 
was 6 umoles. In a subsequent preparation, the nucleotides 
were first removed by stepwise addition of acid-washed Nuchar 
charcoal until the absorbancy at 260 my had almost completely 
disappeared, and the sugar phosphate was then purified by 
subjecting the compound to electrophoresis and chromatography 
as previously described. 

Analysis of the phosphate ester yielded the following result: 
pentose (calculated as t-arabinose), 1.00; acid-labile phosphate 
(100°, 1 s HCl, 15 minutes), 1.02; reducing value (calculated as 
t-arabinose), 0.02. The pentose component was shown to be 
chromatographically identical with t-arabinose. 


DISCUSSION 


The fact that the radioactive p-galactose and t-arabinose 
phosphate esters are acid labile, and that they are incorporated 
by pyrophosphorylase into UDP-p-galactose and UDP-t-arabi- 
nose, respectively, proves that these compounds are p-galactose 
1-phosphate and t-arabinose 1-phosphate. Furthermore, the 
mung bean pyrophosphorylase system is specific for the a-form 
of p-galactose 1-phosphate and for the 6-form of L-arabinose 
1-phosphate, and does not act on the anomeric forms of these 


Vol. 235, No. 4 


esters.1 The fact that the enzymatically synthesized p-galactose 
1-phosphate and L-arabinose 1-phosphate react in the presence 
of pyrophosphorylase to yield the respective sugar nucleotides 
shows that these esters are a-p-galactose 1-phosphate and B-L- 
arabinose 1-phosphate, respectively. 

The question of ring structure arises in the case of the L-arabi- 
nose phosphate, since, with a few exceptions, L-arabinose is 
found in plant polysaccharides in the furanose configuration 
(20). The possibility that the enzymatically formed 6-L-arabi- 
nose 1-phosphate exists in the furanose configuration is ruled out 
by the following considerations: (a) the ester is chromatographi- 
cally separable from a@- and 8-t-arabinofuranose 1-phosphate; 
(b) it can serve as a substrate for UDP-.-arabinose pyrophos- 
phorylase, which is specific for the pyranose form (4); (c) the 
UDP-t-arabinose formed by the action of pyrophosphorylase 
can be epimerized to UDP-p-xylose. Such an epimerization 
on C-4 could not occur if the OH on this carbon atom were in- 
volved in a ring structure, as would be the case in the furanose 
form. 

Since the solubilized preparation phosphorylates authentic 
(nonradioactive) L-arabinose but does not phosphorylate p- 
arabinose, it may be used as an analytical tool to distinguish the 
two enantiomorphs of arabinose. The radioactive arabinose 
used as substrate in this work was prepared from UDP-arabi- 
nose, in which the arabinose moiety had been designated as the 
L-form on the basis of the enzymatic reactions leading to its 
formation (6). The fact that the mung bean kinase phos- 
phorylated 88% of this compound (Table ITI) indicates that the 
radioactive arabinose substrate (and the arabinosyl moiety of 
UDP-arabinose) is at least 88% L-arabinose. 

The phosphorylation of p-galactose to give a-p-galactose 
1-phosphate is a well known reaction which occurs in many 
organisms (21). The analogous phosphorylation of L-arabinose 
to yield 6-L-arabinose 1-phosphate has not been previously re- 
ported. Although the similarity in structure between p-ga- 
lactose and t-arabinose might lead one to expect that both 
sugars are phosphorylated by one nonspecific enzyme, it has 
been shown by differential solubilization with digitonin that 
L-arabinokinase and p-galactokinase activities are associated 
with separate enzymes. 


SUMMARY 


Particulate preparations from mung bean seedlings catalyze 
the phosphorylation of p-galactose and L-arabinose in the pres- 
ence of adenosine triphosphate. 

The t-arabinokinase activity can be solubilized and separated 
from the p-galactokinase activity by the use of digitonin. 

The products of the phosphorylation of L-arabinose and p- 
galactose have been identified as the 8-L-arabinose 1-phosphate 
and a-p-galactose 1-phosphate, respectively. 
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It has been previously demonstrated (1) that particulate 
preparations from Phaseolus aureus (mung bean) seedlings are 
capable of catalyzing the formation of uridine diphosphate-p- 
galacturonic acid! and a mixture of UDP-p-xylose and UDP-1- 
arabinose from UDP-p-glucuronic acid. The results indicated 
that the preparations contained UDP-uronic acid 4-epimerase 
and UDP-uronic acid decarboxylase activities. However, the 
individual reactions involved were not investigated. 

The work reported in this paper shows that three enzyme 
systems are operative in the conversions: a UDP-p-galacturonic 
acid-4-epimerase, a UDP-p-glucuronic acid decarboxylase, and 
a UDP-t-arabinose-4-epimerase. The enzyme systems catalyz- 
ing these reactions have been partially separated and the equilib- 
rium constants have been determined for the two epimerization 
reactions. 


EXPERIMENTAL 


Substrates—UDP-p-glucuronic acid labeled with C™ in the 
p-glucuronic acid moiety was prepared by the enzymatic oxida- 
tion of radioactive UDP-p-glucose (7). In a typical preparation 
3 umoles (110 we) of radioactive UDP-p-glucose were dissolved 
in 0.4 ml of 0.1 m glycine buffer, pH 8.7, to which 0.1 ml of 0.2 
mM cysteine and 0.2 ml of 0.07 m diphosphopyridine nucleotide 
were added. The pH of the mixture was brought to 8.5 and 
500 to 1,000 units of UDP-p-glucose liver dehydrogenase (8) 
were added. The reaction mixture was incubated at 37° for 5 
hours, and the UDP-p-glucuronic acid produced was separated 


* This investigation was supported in part by a research grant 
(No. A-1418) from the United States Public Health Service, Na- 
tional Institutes of Health, and by a research contract with the 
United States Atomic Energy Commission. 

1 The configuration of the glycosyl moieties of the nucleotides 
UDP-galacturonic acid and UDP-xylose as the p- or L-forms has 
not yet been rigorously established. However, it was shown (2) 
that at least 88% of the arabinosyl moiety of UDP-arabinose 
exists in the L-form. Physiological investigations of the metabo- 
lism of p-glucuronic acid in plants showed that it is converted to 
the p-galacturonosyl residues of pectin and to the p-xylosyl and 
L-arabinosyl moieties of hemicellulose (3-5). Enzymatic experi- 
ments with plant extracts show that UDP-.L-arabinose and UDP- 
p-xylose are interconvertible (6). In view of these facts and 
considering, on a theoretical basis, that the structural relation- 
ship of the p-glucuronic acid to the monosaccharides in question 
is compatible with these configurations, it is reasonable to assume 
that the assignment of the particular configurations to the sugar 
moieties in the nucleotides is correct. They will be so designated 
throughout the present paper. 


and purified by subjecting the mixture to paper electrophoresis 
in 0.2 M ammonium formate buffer, pH 3.6. Since it was found 
that the ammonium formate buffer acted as an enzyme in- 
hibitor, in all preparations of UDP-uronic acids and of UDP- 
pentose the residual ammonium formate was removed by drying 
the paper strips in a vacuum desiccator before elution. Once 
eluted, the UDP-uronic acid solutions were never taken to 
dryness, since such treatment often caused decomposition. The 
C-labeled UDP-p-glucuronic acid as well as the p-glucuronic 
acid obtained from it by hydrolysis was found to be homo- 
geneous and free from radioactive impurities when examined 
electrophoretically at pH 3.6 and 5.8. Furthermore, radioactive 
p-glucuronic acid 1-phosphate was the only substance formed 
when the UDP-p-glucuronic acid was hydrolyzed by nucleotide 
pyrophosphatase (9), whereas p-glucuronic acid was the only 
radioactive product obtained upon hydrolysis with a mixture 
of nucleotide pyrophosphatase and seminal phosphomonoester- 
ase. 

UDP-p-galacturonic acid labeled with C™ in the p-galacturonic 
acid moiety was prepared from radioactive UDP-p-glucuronic 
acid using a particulate preparation from radish root, and was 
purified by paper electrophoresis at pH 3.6. It was shown to 
be homogeneous by the criteria used for determining the purity 
of UDP-p-glucuronie acid. 

UDP-pentose labeled with C™ in the pentosyl moiety was 
prepared as previously described (10) and its purity shown by the 
criteria described above. It consisted of a mixture of 65% 
UDP-p-xylose and 35% UDP-t-arabinose. 

Enzymes—All operations were performed at 0-4°. Mung 
bean and radish particulate preparations which formed UDP-p- 
galacturonic acid and UDP-pentoses from UDP-p-glucuronic 
acid were prepared as follows: Radish roots (100 g, purchased 
from a local grocer) were cut into small pieces and homogenized 
in a chilled Waring Blendor for 1 minute with 70 ml of cold 
0.01 m sodium-potassium phosphate buffer, pH 7.0. The slurry 
was filtered through two thicknesses of cheesecloth. Coarse 
debris and starch were removed by centrifugation at 2000 x g 
for 5 minutes. The supernatant liquid was centrifuged at 
18,000 x g for 30 minutes and the particulate material which 
sedimented was resuspended in 0.5 ml of 0.1 m Tris buffer, pH 
7.5. Particulate preparations from 4 to 5 day old mung bean 
seedlings (purchased from a local grocer) were made by an 
identical procedure, except that the mung bean seedlings were 
not cut into pieces before homogenization. The mung bean 
particulate preparation in 0.1 m Tris buffer, pH 7.5, was vigor- 
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ously shaken by hand for about 30 seconds with an equal volume 
of a 1% solution of digitonin, 0.1 m with respect to Tris buffer, 
pH 7.5. The supernatant liquid (“digitonin extract”) obtained 
after centrifugation at 18,000 x g for 30 minutes proved to be 
devoid of UDP-p-galacturonic acid-4-epimerase activity, but 
was capable of decarboxylating UDP-p-glucuronic acid. 

A soluble UDP-p-galacturonic acid-4-epimerase preparation 
was obtained in the following manner: Mung bean seedlings 
(100 g) were ground to a slurry in a chilled mortar with 70 ml 
of 0.01 m sodium-potassium buffer, pH 7.0, 0.1 m with respect to 
mercaptoethanol. The homogenate obtained after filtering the 
slurry through cheesecloth was centrifuged at 18,000 x g for 30 
minutes. To 85 ml of the supernatant liquid, 37 g of solid 
ammonium sulfate were added, and the resulting precipitate was 
dissolved in 8 ml of 0.01 m Tris buffer, pH 7.5. (In all am- 
monium sulfate precipitations 15 minutes were allowed to elapse 
between addition of ammonium sulfate and centrifugation.) 
Solid ammonium sulfate (150 mg) was added, and the precipi- 
tate was discarded. Subsequently three more fractions were 
precipitated by successive addition of 350, 250, and 250 mg of 
ammonium sulfate. Each of these precipitates was dissolved 
in 0.25 ml of 0.1 m Tris buffer, pH 7.5, 0.1 m with respect to mer- 
captoethanol, and dialyzed overnight against 2 liters of the 
same buffer. All these fractions were then tested for the pres- 
ence of UDP-p-glucuronic acid decarboxylase activity; the 
fraction which proved to be free of decarboxylase activity was 
used for studies of the UDP-p-galacturonic acid-4-epimerase. 
The second fraction usually contained the desired activity. 

UDP-p-glucose dehydrogenase (8) was purchased from the 
Sigma Chemical Company. 

Analytical Methods—Paper electrophoresis was carried out in 
0.1 M ammonium formate buffer, pH 3.6, or in 0.2 mM ammonium 
acetate buffer, pH 5.8, as previously described (7). The width 
of the bands was such that the various components in the mix- 
tures could be unequivocally separated from each other. Pen- 
toses were chromatographed one-dimensionally on Whatman 
No. 1 paper, with water-saturated phenol, or two-dimensionally 
with water-saturated phenol in the first dimension and butanol- 
acetic acid-water (52:13:35) in the second. Sugars were de- 
tected with p-anisidine phosphate spray reagent (1 g p-anisidine 
phosphate in 140 ml of 70% ethanol). Radioactive substances 
were located on paper as previously described (7). They were 
eluted from the paper into either plastic or steel planchets, dried 
in a vacuum desiccator, and counted with a thin window Geiger- 
Miiller tube coupled to a conventional scaler. 

All enzymatic reactions and acid hydrolyses were carried out 
in capillary tubes of 1.2 to 1.5 mm diameter. Enzymatic reac- 
tions were stopped by immersing the tubes in boiling water for 
1 minute. 

Protein was estimated by the method of Lowry et al. (11). 


RESULTS 


Enzyme Activities in Particulate and Soluble Fractions—As 
previously reported (1), particulate preparations from mung 
bean seedlings catalyze the formation of UDP-p-galacturonic 
acid, UDP-p-xylose, and UDP-.-arabinose from UDP-p- 
glucuronic acid. It was subsequently found that “digitonin 
extracts” catalyzed the formation of UDP-pentose from UDP-p- 
glucuronic acid, but did not catalyze the conversion of UDP-p- 
glucuronic acid to UDP-p-galacturonic acid. This indicated 
the presence in the particulate preparations of a UDP-p-galactu- 
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ronic acid 4-epimerase system which was responsible for the 
interconversion of the UDP-p-glucuronic and UDP-p-galactu- 
ronic acids. After extraction with digitonin the particulate 
preparation still contained UDP-p-galacturonic acid 4-epimerase 
activity. 

The soluble fraction of the mung bean seedling homogenate 
was also found to contain UDP-p-glucuronic acid decarboxylase 
and UDP-p-galacturonic acid 4-epimerase activity, as well as 
the UDP-t-arabinose 4-epimerase activity which had been pre- 
viously reported (6). These soluble enzymes were relatively 
unstable, losing their activity after 3 days at 4°. The particu- 
late enzyme systems, on the other hand, were much more stable, 
retaining essentially full activity for at least 1 year when stored 
at —10°. However, since the soluble UDP-p-galacturonic acid 
4-epimerase proved to be easier to purify than the particulate 
enzyme, the soluble enzyme was used for the determination of 
the equilibrium constant of the 4-epimerization of UDP-p- 
glucuronic acid. 

Determination of Equilibrium Constant for 4-Epimerization of 
UDP-p-glucuronic Acid—Radioactive UDP-p-glucuronic acid 
(2.7 x 10-* umole), radioactive UDP-p-galacturonic acid 
(0.7 X 10-* umole), or mixtures of the two in the molar ratios 
of 1:1, 7:3 and 3:7 were incubated at 37° with the soluble UDP- 
p-galacturonic acid-4-epimerase preparation (0.27 mg of protein) 
in 0.08 m Tris buffer, pH 7.5, in a total volume of 60 wl. At 
specified times (see Fig. 1), 5 to 15 ul samples of reaction mix- 
ture were inactivated by heating, the products (mixtures of 
UDP-p-glucuronic and UDP-p-galacturonic acids) separated by 
electrophoresis, and their relative quantities determined by 
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Fic. 1. Interconversion of UDP-p-glucuronic acid and UDP- 
p-galacturonic acid. Initial substrates: X——xX, UDP-p- 
glucuronic acid; @——@, UDP-p-galacturonic acid; A——A 
UDP-p-glucuronic acid: UDP-p-galacturonic acid, 7:3; A——A 
UDP-p-glucuronic acid: UDP-p-galacturoniec acid, 3:7; O——O 
UDP-v-glucuronic acid: UDP-p-galacturonic acid, 1:1. 
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counting of radioactivity. These results are presented in Fig. 
1. It is evident from the figure that pure UDP-p-glucuronic 
acid and pure UDP-p-galacturonic acid are enzymatically con- 
verted to a mixture containing approximately equimolar quanti- 
ties of each substance. The same relative quantities are also 
obtained starting from mixtures of the two UDP-uronic acids. 
The fact that the same ratio of UDP-p-glucuronic acid to UDP- 
p-galacturonic acid is obtained regardless of the composition of 
the original mixture shows that, within the limits of experi- 
mental error, equilibrium has been reached. The value of the 
equilibrium constant K for the reaction: 


UDP-p-glucuronic acid = UDP-p-galacturonic acid 


calculated from the average of the ratios at 8 hours is 1.1. 

Decarboxylation of UDP-p-glucuronic Acid—Since particulate 
preparations convert UDP-p-glucuronic acid to a mixture of 
UDP-p-xylose and UDP-t-arabinose, it was of interest to exam- 
ine the variation of the relative proportions of these reaction 
products with time. 

Labeled UDP-p-glucuronic acid (6.8 < 10-* umole) was in- 
cubated at 37° with a particulate preparation from radish root, 
representing 1 g of fresh plant material, in 0.03 m Tris buffer, 
pH 7.5, in a total volume of 35 wl. At specified times, 5 ul 
samples were removed, inactivated by heating, and the reaction 
products, which included UDP-p-galacturonic acid and UDP- 
pentose, were separated by electrophoresis, and the ratio of 
UDP-p-xylose to UDP-t-arabinose was determined as follows: 
the UDP-pentose area was eluted and hydrolyzed in 1 N HCl at 
100° for 30 minutes, and the pentoses were separated chromato- 
graphically in water-saturated phenol. The relative amount of 
p-xylose and L-arabinose obtained was determined by counting. 
The results are plotted in Fig. 2 (upper curve). 

The “digitonin extract’? was subsequently tested in a similar 
manner. UDP-p-glucuronic acid (4.1 * 10-* wmole) was incu- 
bated at 25° in the presence of the mung bean digitonin extract, 
containing 0.36 mg of protein, in 0.08 m Tris buffer, pH 7.5, in 
a total volume of 65 wl. Samples of 10 wl were removed, in- 
activated at specified times, and the ratio of UDP-1-arabinose 
to UDP-p-xylose was determined as described above. These 
results are plotted in Fig. 2 (lower curve). 

The preponderance of UDP-p-xylose during the early stages 
of the reaction indicates that the decarboxylation of UDP-p- 
glucuronic acid yields UDP-p-xylose, the latter then being con- 
verted to UDP-t-arabinose. Extrapolation of the lower curve 
of Fig. 2 gives a value for UDP-p-xylose which approaches 100% 
at zero time. 

Whereas the digitonin extract catalyzed the decarboxylation 
of UDP-p-glucuronic acid, no reaction occurred upon incubation 
of UDP-p-galacturonic acid with this enzyme preparation. 
However, UDP-p-galacturonic acid was converted to a mixture 
of UDP-p-glucuronic acid and UDP-pentose by a mung bean 
particulate preparation. In this case, the UDP-pentose pre- 
sumably originated from the UDP-p-glucuronic acid formed by 
4-epimerization of the p-galacturonic acid. 

The equilibrium constant for the decarboxylation of UDP-p- 
glucuronic acid has not yet been determined. In several in- 
stances, however, an essentially quantitative conversion of 
UDP-p-glucuronic to UDP-pentose was observed, indicating 
that the equilibrium must be far in the direction of decarboxyla- 
tion. 
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UDP-p-xylose—The ratio of UDP-p-xylose to UDP-t-arabinose 
was observed to change when mixtures of these two substances 
were incubated with digitonin extract, indicating the presence 
of UDP-t-arabinose-4-epimerase. The equilibrium constant for 
this interconversion was determined as follows: 

A mixture of radioactive UDP-p-xylose and UDP-t-arabinose 
(ratio, 65:35) was used in the determination. The mixed 
labeled nucleotides (1.2 x 10-? umole) were incubated at 37° 
with “digitonin extract” containing 0.19 mg of protein and 
0.08 m Tris buffer, pH 7.5, in a total volume of 30 ul. At speci- 
fied times, 5-ul samples of reaction mixture were inactivated, 
and the ratio of UDP-p-xylose to UDP-t-arabinose was deter- 
mined as described above. These results are presented in Fig. 
3. It is evident that the reaction has stopped after 12 hours of 
incubation, indicating that equilibrium has been attained. At 
this time the ratio of UDP-p-xylose to UDP-t-arabinose is 
49:51; hence the equilibrium constant for the reaction UDP-p- 
xylose — UDP-t-arabinose is 1.0. 


DISCUSSION 


Separation of the enzyme systems responsible for the decar- 
boxylation and the 4-epimerization of UDP-p-glucuronic acid 
made it possible to investigate these reactions in greater detail. 
Although the UDP-p-glucuronic acid-decarboxylase and UDP- 
L-arabinose-4-epimerase activities were not separated, their 
activities in the preparations were such that the decarboxylation 
occurred at a considerably faster rate than the subsequent epi- 
merization, resulting in the accumulation of UDP-p-xylose 
during the early stages of the reaction (see Fig. 2). It can 
therefore be concluded that UDP-p-glucuronic acid is decarboxyl- 
ated with retention of the p-xylose configuration. The digi- 
tonin-solubilized decarboxylating system is specific for UDP-p- 
glucuronic acid; it does not catalyze the decarboxylation of 
UDP-p-galacturonic acid. However, one cannot rule out the 
possibility that the mung bean seedlings also contain a specific 
UDP-p-galacturonic acid decarboxylase, undetected in this 
study. 

The subsequent formation of UDP-t-arabinose from UDP-p- 
glucuronic acid by the digitonin extract is accounted for by the 
presence of a UDP-t-arabinose-4-epimerase system. Since the 
separation of the activities of the UDP-p-galacturonic acid-4- 
epimerase and the UDP-t-arabinose-4-epimerase systems has 
been achieved, it is evident that these two enzyme systems are 
not identical. 

The equilibrium constant K for the 4-epimerization of UDP- 
p-glucuronic acid was determined to be 1.1, whereas that for the 
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4-epimerization of UDP-p-xylose was found to be 1.0. Con- 
sidering the structural similarity of the glycosyl moieties of the 
compounds involved in the two reactions, it is not surprising 
that their equilibrium constants differ so little. A value of the 
same order of magnitude, K = 0.33, has been found by Leloir 
(12) for the analogous interconversion: 


UDP-p-glucose = UDP-p-galactose 


It is noteworthy that the UDP-p-glucuronic acid decarboxyl- 
ase, the UDP-p-galacturonic acid 4-epimerase, and the UDP- 
L-arabinose 4-epimerase are present both in the particulate and 
soluble fractions of mung bean extracts. Possibly these en- 
zymes are particle-bound in intact cells, but are liberated to 
varying degrees during the preparation of homogenates. 


SUMMARY 


1. The transformation of UDP-p-glucuronic acid to UDP-p- 
galacturonic acid and UDP-pentose catalyzed by mung bean 
seedlings has been shown to involve three separate reactions: 


UDP-»-glucuronic acid = UDP-p-galacturonic acid (1) 
UDP-p-glucuronic acid —- UDP-p-xylose (+ CO:) (2) 
UDP-»p-xylose = UDP-t-arabinose (3) 


2. The equilibrium constants for reactions (1) and (3) were 
found to be 1.1 and 1.0, respectively. 
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Ascaris lumbricoides is a parasitic intestinal helminth whose 
metabolism is predominantly anaerobic (1). In the adult or- 
ganism, the cytochrome c or cytochrome oxidase system is not 
detectable (2). Ascaris ferments glucose to carbon dioxide and 
a mixture of products. Among the identified products are 
acetylmethylearbinol (3), succinate (4), acetate, propionate, 
butyrate, a-methylbutyrate, n-valerate, cis-a-methylcrotonate 
(tiglate), and volatile C, acids (5, 6). Saz and Vidrine (7) have 
presented evidence which indicates that succinate is formed by 
means of CO, fixation by pyruvate with subsequent reduction 
to succinate. These authors also presented evidence that pro- 
pionate arises from the decarboxylation of succinate. A similar 
mechanism of formation of propionate may be operative in 
another intestinal nematode, Heterakis gallinae, since Fairbairn 
(8) reported the fixation of CO, in the carboxyl group of pro- 
pionate and in an acid which he tentatively identified as suc- 
cinate. Bueding et al. (9) have partially purified a potent 
succinic oxidase from the muscle of Ascaris helminths, whereas 
Saz and Hubbard (10) have demonstrated the presence of fuma- 
rase, malic dehydrogenase and a “‘malic enzyme” which is similar 
in many respects to the enzymes described previously by Ochoa 
et al. (11) and Korkes and Ochoa (12). 

Quantitatively, the major product of Ascaris fermentation is 
a-methylbutyrate (6). The present study has revealed evidence 
which indicates that acetate and propionate are precursors of 
a-methylbutyrate in this fermentation. 


EXPERIMENTAL 


Materials and Methods 


Muscle strips were obtained from Ascaris lumbricoides var. 
suis as previously described (7). Stock salt solution contained 
1.4 m NaCl, 2.7 x 10-* m KCl, 1.8 x 10°? mM CaCl,, 4 x 10° m 
MgSO,. Incubation mixtures were shaken in the conventional 
Warburg apparatus. Enzymatic reactions were stopped by 
placing the incubation mixture in a boiling water bath for 10 
minutes. The volatile acids were obtained by steam distillation 
after acidification of the fermentation mixture to a pH of approxi- 
mately 3 with 1 m H;PO, mixtures. The distillates containing 
the volatile acids were neutralized and then evaporated to dry- 


* This investigation was supported in part by grants from the 
National Science Foundation (Grant No. G 2491) and the National 
Institutes of Health, United States Public Health Service (Grant 
No. E-668). The radioactive isotope used in these studies was 
obtained on allocation from the Atomic Energy Commission. 

+ After June 1, 1960, the address will be Department of Patho- 
biology, School of Hygiene and Public Health, Johns Hopkins 
University, Baltimore, Maryland. 


ness in siliconized tubes. The dry sodium salts were acidified 
and transferred to a gas chromatography column essentially 
according to the procedure of Annison (13). Volatile acids were 
then separated and isolated by the gas chromatographic tech- 
nique of James! and Martin (14). 

Acids were completely oxidized to carbon dioxide by means of 
the Van Slyke-Folch oxidizing mixture (15). Acetate and pro- 
pionate were degraded stepwise according to the method of 
Phares (16). a-Methylbutyrate was degraded stepwise by 
oxidation to secondary butyl amine and carbon dioxide with 
hydrazoic acid. The secondary butyl amine was oxidized to 
methyl] ethyl ketone by the dropwise addition of alkaline KMnO, 
in the cold over a 3- to 5-hour period. Excess permanganate 
was destroyed by the addition of MnSO, and the ketone was 
obtained by distillation into a receiver immersed in a Dry-Ice 
acetone bath. The yields of methyl ethyl ketone were deter- 
mined colorimetrically by reaction with m-nitrobenzaldehyde? 
and ranged from 70 to 85%. The methyl ethyl ketone was then 
converted to propionate and iodoform with sodium hypoiodite. 
The iodoform was oxidized to carbon dioxide (15), and the pro- 
pionate, which was recovered by steam distillation, was degraded 
according to Phares (16). 

CO, samples were precipitated as BaC'O; and the precipitate 
was collected as a layer of finite thickness on filter paper disks 
(17). Samples thus obtained were assayed for radioactivity 
with an end window Geiger-Miiller counter. 

All isotopic compounds used as substrates in this investigation 
were obtained commercially. 


RESULTS 


Volatile Fatty Acid Production by Ascaris Muscle Strips—Fig. 1 
illustrates the separation, with gas chromatography, of the 
volatile fatty acids formed by Ascaris muscle strips which were 
incubated in the presence of lithium lactate. The acids produced 
were similar, in most respects, to those reported previously from 
fermentation studies that used intact helminths (5, 6). How- 
ever, several important differences were apparent. Whereas 
the whole organism forms large quantities of cis-a-methylerotonic 
(tiglic) acid (5), this compound was not found in fermentations 
that used the muscle strips. In addition, relatively large quanti- 
ties of an as yet unidentified C; or Cg acid were found. The 
relative retention volume of this unidentified acid was slightly 
ess than that of tiglic acid, and upon gas chromatography it 


1 The authors wish to thank Dr. A. T. James, National Institute 
for Medical Research, Mill Hill, London, for his suggestions con- 
cerning this method. 

2H. J. Saz and A. Weil, unpublished method. 
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Fic. 1. Gas chromatogram of the volatile fatty acids produced 
by Ascaris muscle strips. An Ascaris muscle strip of 1.6 g was 
added to the vessel which contained 0.25 ml of stock salt solution, 
50 umoles of lithium lactate in a total volume of 2.5 ml. The ves- 
sel was shaken for 100 minutes at 37°; gas phase 95% No, 5% COs. 
Separation was accomplished on a 4-foot Celite column, liquid 
phase, stearic acid (10% weight for weight), orthophosphoric acid 
(10% weight for weight), in DC 550 silicone; nitrogen pressure 52 
em Hg; flow rate, 22 ml per min; temperature 100°. Where indi- 
cated by the arrow, the temperature of the column was elevated 
to 125°. 


could be separated completely from known samples of tiglic 
acid. This biologically formed acid did not take up bromine or 
hydrogen and did not behave as an unsaturated acid upon fusion 
with alkali (18). It is also of interest that frequently a peak was 
found which had a relative retention volume corresponding to 
formate. However, this peak was not present consistently and 
was never very significant on a quantitative basis. 

Incorporation of Lactate-2-C™ into Volatile Fatty Acids—It has 
been demonstrated that acetylmethylearbinol (AMC, acetoin) 
and a-acetolactate are formed from pyruvate by Ascaris muscle 
homogenates (3). Also, partially purified extracts of Ascaris 
muscle catalyze the reduction of a-acetolactate upon the addition 
of reduced diphosphopyridine nucleotide (3). These findings 
suggested the possibility that a-acetolactate may be a precursor 
of a-methylbutyrate in Ascaris fermentations since both com- 
pounds have the same carbon skeleton. This possibility was 
tested by incubating an Ascaris muscle strip with lactate-2-C™ 
and determining the distribution of radioactivity in the a- 
methylbutyrate formed. If a-acetolactate were a precursor of 
a-methylbutyrate, both carbons 2 and 3 of the a-methylbutyrate® 
should have high specific activities. It is evident from the data 
recorded in Table I that this was not the case. The specific 
radioactivity of carbon 3 was approximately nine times greater 
than that of carbon 2. As might be predicted, the specific radio- 
activity of acetate was high, indicating the possibility that 
lactate was converted to pyruvate which in turn was decarboxyl- 


’ The carbon atoms of a-methylbutyrate are numbered as fol- 
lows: 
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ated to acetate. Propionate contained appreciable activity, but 
since propionate apparently arises from lactate by oxidation to 
pyruvate, CO, fixation into pyruvate, reduction to succinate and 
decarboxylation (7), a relatively large dilution of the specific 
radioactivity would be expected. Therefore, these data indicate 
that a-acetolactate is not an intermediate in the formation of 
a-methylbutyrate. In addition, the data suggest the possibility 
that acetate and propionate might serve as intermediates for 
the synthesis of a-methylbutyrate. Coon et al. (19, 20) have 
presented evidence based upon isotope and isotope carrier experi- 
ments that the reverse reaction occurs in liver; that is, the deg- 
radation of a-methylbutyrate to acetate and propionate. 

Incorporation of Succinate-1-C™ into Volatile Fatty Acids—It 
has been shown that succinate is a precursor of propionate in 
Ascaris muscle strips (7). Succinate-1-C" is incorporated also 
into a-methylbutyrate by Ascaris muscle strips (Table II). All 
of the radioactivity in the isolated propionate resides in the 
carboxyl group as would be expected if succinate were decar- 
boxylated to propionate and carbon dioxide. In addition, the 
respiratory carbon dioxide and the carboxy] carbon of propionate 
have, within experimental error, the same specific radioactivity. 
It is of interest that the carboxyl carbon of a-methylbutyrate not 
only has such a high specific radioactivity, but also contains all 
of the radioactivity of the molecule. This indicates that the 
carboxyl carbon of a-methylbutyrate may arise from the car- 
boxyl carbon of propionate. 

Incorporation of Acetate-1-C' and Acetate-2-C into Volatile 
Fatty Acids—The incorporation of carbon 2 of lactate into carbon 
3 of a-methylbutyrate (see Table I) suggested the possibility 
that acetate may be a precursor of a-methylbutyrate. This 
possibility was investigated further by studying the incorpora- 
tion of acetate-1-C“ and acetate-2-C™, respectively, into a- 
methylbutyrate. When acetate-1-C' was used as substrate 
(Table III), a large quantity of the carboxyl carbon of acetate 
was incorporated into a-methylbutyrate, and almost all of the 
radioactivity was found to reside in carbon 3. An approxima- 
tion of the quantity of acetate incorporated may be obtained 


TABLE I 
Incorporation of lactate-2-C™ into volatile fatty acids by 
Ascaris muscle strips 

A 18-g strip of Ascaris muscle was added to the vessel which 
contained 0.25 ml of stock salt solution, 50 wmoles of lithium 
lactate-2-C™ (12,440 ¢.p.m. per umole) in a total volume of 2.5 ml. 
Vessels were shaken for 100 minutes at 37°; gas phase, 95% N2, 
5% COrz. 

















Compound Isolated Total activity Specific activity 
pmoles c.p.m. c.p.m./pmole 
Acetate 4.75 10,360 2,180 
Propionate 2.63 1,640 625 
a-Methylbutyrate 21.4 28 , 248 1,320 
CH; 40 
| 
CH: | 1,080 
| 
CH 130 
IS | 
| CH, 60 
COOH 10 
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TaBLeE II 
Incorporation of succinate-1-C'* into respiratory 
CO: and volatile fatty acids 

A 1.7-g strip of Ascaris muscle was added to the vessel which 
contained 0.25 ml of stock salt solution, 50 wmoles of sodium 
succinate-1-C™ (14,470 c.p.m. per wmole) in a total volume of 2.5 
ml. The center well of the vessel contained 0.6 mmoles of CO: 
free sodium hydroxide. After shaking at 37° for 90 minutes, the 
reaction was terminated by the addition of 3 mmoles of sulfuric 
acid. The gas phase was nitrogen. 














Compound Isolated Total activity | Specific activity 
pmoles c.p.m. | c.p.m./ymole 

Respiratory CO, 38 78 , 280 2,060 
Propionate 4.0 8,920 2,230 

CH; | 0 

| | 

CH; | 0 

COOH | 2,230 
Acetate 12.6 100 | 8 
a-Methylbutyrate 27.0 | 28,620 | 1,060 

—COOH 1,060 

sec-Butylamine | 0 

TABLE III 


Incorporation of acetate-1-C'4 into volatile fatty 
acids by Ascaris muscle strips 
A 1.3-g strip of Ascaris muscle was added to the vessel which 
contained 0.25 ml of stock salt solution, 50 uwmoles of sodium 
acetate-1-C'* (9,900 c.p.m. per umole) in a total volume of 2.5 ml. 
Vessel was shaken for 60 minutes at 37°; gas phase, 95% No, 5% 
CO:. 








Compound Isolated | Total activity | Specific activity 
pmoles c.p.m. | c.p.m./ymole 
Acetate 37.25 | 328,920 | 8,830 
Butyrate 3.0 54,105 | 18,035 
a-Methylbutyrate 19.0 85,595 4,505 
CH; 0 
| 

CH, | 4,140 

| 
CH | | 350 

ee | 
CH; 0 

| 
COOH | 15 








by dividing the specific activity of the recovered acetate into 
the total activity recovered in a-methylbutyrate. The calcu- 
lated value is probably somewhat too high since it does not take 
into account the initial specific activity of the acetate. How- 
ever, based upon the specific activity of the recovered acetate, 
9.6 umoles of acetate-1-C' were incorporated into a-methyl- 
butyrate. Almost twice this quantity, 19.0 umoles, of a-methyl- 
butyrate was recovered and the specific activity of carbon 3 
showed an approximate 2-fold dilution compared to that of the 
recovered acetate. 

It is of interest also that acetate-1-C™ was incorporated into 
butyrate so readily. The butyrate had a specific activity which 
was approximately twice that of the recovered acetate. These 
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observations suggest a condensation of two acetate units to form 
acetoacetate and a subsequent reduction to butyrate, similar 
to the mechanism described previously in mammalian tissues 
(21, 22). 

When acetate-2-C was incubated with Ascaris muscle strips 
(Table IV), the isolated a-methylbutyrate contained a relatively 
large amount of radioactivity, and almost all of this activity was 
found to reside in carbon 4. In this experiment, based upon the 
specific activity of the recovered acetate, 15.3 umoles of acetate- 
2-C were incorporated into a-methylbutyrate. It is of interest 
also that the specific activity of the isolated n-valerate was 
quite high and of comparable magnitude to that of a-methyl- 
butyrate. The specific activity of the recovered propionate, on 
the other hand, was low, as might be expected. The results 
obtained from these experiments are in accord with the supposi- 
tion that acetate is a major precursor of a-methylbutyrate in this 
system; the carboxy] carbon of acetate gives rise to carbon 3 and 
the methyl] group gives rise to carbon 4 of a-methylbutyrate. If 
acetate were not a precursor of major importance, a greater dilu- 
tion of the specific activity of a-methylbutyrate would be ex- 
pected. Some dilution should take place since the muscle strips 
possess an active endogenous metabolism and produce volatile 
fatty acids in the absence of any added substrate. 

Incorporation of Propionate-1-C, Propionate-2-C™, and Pro- 
pronate-3-C™ into Volatile Fatty Acids—The possibility that 
propionate may be the other precursor of a-methylbutyrate was 
suggested by the observation that succinate-1-C™“ was incor- 
porated into a-methylbutyrate (see Table II). In order to 
investigate this possibility further, the incorporation of pro- 
pionate-1-C", propionate-2-C™, and propionate-3-C™ respectively 
into a-methylbutyrate by Ascaris muscle strips was studied. All 
three species of propionate-C™ were incorporated readily into 
a-methylbutyrate. 

When propionate-1-C' was used as substrate (Table V), al- 


TABLE IV 
Incorporation of acetate-2-C'4 into volatile fatty acids 
by Ascaris muscle strips 
A 1.6-g strip of Ascaris muscle was added to the vessel which 
contained 0.25 ml of stock salt solution, 50 wmoles of sodium 
acetate-2-C" (7,430 c.p.m. per umole) in a total volume of 2.5 ml. 


Vessel was shaken for 60 minutes at 37°; gas phase, 95% N2, 5% 
CO. 











Compound Isolated | Total activity Specific activity 
| oe pmoles | c.p.m. c.p.m./pmole 

Acetate | 29.4 103 , 280 3,513 

CH; | 3,510 

| | 

COOH 3 
Propionate 4.3 834 194 
a-Methylbutyrate 19.8 53,757 2,715 

CH; 2,460 

| 

CH: | 30 

: 

| | 

CH 195 

IN | 

; \ | 

| CH; 30 

COOH | 0 
n-Valerate | 5.1 | 13,107 2,570 
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most all of the activity in the isolated a-methylbutyrate was 
localized in the carboxyl carbon. Only 3.0 umoles of propionate 
were incorporated into a-methylbutyrate, based upon the specific 
activity of the recovered propionate. However, the recovery of 
a-methylbutyrate in this experiment (7.75 wmoles) was lower 
than usual. It is interesting that a small quantity of the pro- 
pionate-1-C™ was incorporated also into the carboxyl carbon of 
the recovered acetate. The mechanism of this incorporation was 
not studied further. However, the low specific activity in carbon 
3 of a-methylbutyrate is in accord with the finding that the 
carboxyl carbon of acetate serves as a precursor of carbon 3 of 
a-methylbutyrate. 

Propionate-2-C'* was incorporated into a-methylbutyrate 
(Table VI), and almost all of the activity appeared in carbon 2 of 
a-methylbutyrate. Calculating on the basis of the final specific 
activity of the recovered propionate, 8.6 wmoles were incor- 
porated into a-methylbutyrate. An appreciable amount of 
activity also appeared in the acetate isolated from this experi- 
ment. The distribution of radioactivity in the recovered acetate 
and carbons 3 and 4 of a-methylbutyrate once more agree with 
the hypothesis that acetate carboxyl carbon and acetate methyl 
carbon are precursors of carbons 3 and 4, respectively, of a- 
methylbutyrate. 

Almost all of the radioactivity incorporated into a-methyl- 
butyrate from propionate-3-C™ was found to reside in the 
branched methyl carbon 5 (Table VII). In this experiment, 5.9 
umoles of propionate were incorporated into a-methylbutyrate, 
based upon the specific activity of the recovered propionate. A 
small amount of radioactivity appeared in carbons 3 and 4 of 
a-methylbutyrate. This would be expected since CO. can be 


TABLE V 


Incorporation of propionate-1-C into volatile fatty 
acids by Ascaris muscle strips 
A 1.2-g strip of Ascaris muscle was added to the vessel which 
contained 0.25 ml of stock salt solution, 50 wmoles of sodium 
propionate-1-C™ (14,390 c.p.m. per umole) in a total volume of 2.5 
ml. Vessel was shaken for 60 minutes at 37°; gas phase, 95% Noe, 
5% COr. 








Compound Isolated Total activity | Specific activity 
i pmoles | c.p.m. aiinhede: - 

Acetate 13.35 3,540 265 

CH; | | 5 

| 

| 

COOH 260 
Propionate 16.0 | 20,140 12,595 

CH; 0 

| 

CHe | 5 

COOH } 12,590 
a-Methylbutyrate 7.75 | 38,010 | 4,905 

CH; } 5 

CH: 170 

CH | 60 

I | 

| CH; | | 0 

| | 

COOH 4,670 
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TaBLe VI 


Incorporation of propionate-2-C' into volatile fatty 
acids by Ascaris muscle strips 
A 1.8-g strip of Ascaris muscle was added to the vessel which 
contained 0.25 ml of stock salt solution, 50 uwmoles of sodium 
propionate-2-C™ (10,730 ¢.p.m. per umole) in a total volume of 
2.5 ml. Vessel was shaken for 60 minutes at 37°; gas phase, 95% 
Ne, 5% COr. 

















Compound | Isolated Total activity Specific activity 
| 
| pmoles c.p.m, c.p.m./yumole 

Acetate 17.0 11,985 705 
CH; 105 
COOH 600 
Propionate | 9.75 31,690 3,250 
a 10 
CH: 3,230 

| 
COOH | 10 
a-Methylbutyrate | 16.75 27,970 1,670 
CH; 50 

| 
CH: 230 

| | 
CH 1,360 

IN | 
CH; | 30 

| | 
COOH 0 

TaBLe VII 


Incorporation of propionate-3-C'4 into volatile fatty 
acids by Ascaris muscle strips 
A 1.3-g strip of Ascaris muscle was added to the vessel which 
contained 0.25 ml of stock salt solution, 50 uwmoles of sodium 
propionate-3-C (13,810 ¢.p.m. per umole) in a total volume of 
2.5 ml. Vessel was shaken for 60 minutes at 37°; gas phase, 95% 
Ne, 5% COr. 








Compound Tsolated Total activity Specific activity 
moles c. p.m. c.p.m./pmole 

Propionate 19.8 218, 200 11,020 
a-Methylbutyraate | 16.8 65, 520 3,900 

CH; } 160 

| | 

CH: 120 

| 

CH 100 

|’ 

CH; 3,520 

COOH | 0 











fixed into propionate by Ascaris muscle strips, to form succinate 
(7). This may give rise to double labeled acetate which in turn 
can serve as a precursor of the above mentioned carbons of a- 
methylbutyrate. 


DISCUSSION 


Quantitatively, the major product of Ascaris lumbricoides 
fermentation of carbohydrate is a-methylbutyrate (6). The 
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enzymatic steps involved in this transformation remain obscure. 
However, data obtained from these studies demonstrate that 
carbons 1 and 2 of acetate may serve as precursors for carbons 
3 and 4, respectively, of a-methylbutyrate. In addition, the 
1, 2, and 3 carbons of propionate may serve as precursors for the 
1, 2, and 5 carbons, respectively, of a-methylbutyrate. These 
findings are in accord with the following sequence of reactions: 


i ia CHs 
COOH C=O 
+ | 
CH:—CH: — me; on-—c-a" &, 
| 
COOH COOH 
Methylaceto- 
acetic 
Acid 
; CH; 
H—C—OH H—C 
” | ; 
cH,—CcH —— 1:0, oy,—¢ (2H) , 
| 
COOH COOH 
B-Hydroxy-a- Tiglic 
methylbutyric Acid 
Acid 
CH; 
CH, 
| 
CH;—CH 
| 
COOH 
a-Methylbutyric 
Acid 


This postulated sequence of reactions would lead to the synthesis 
of a-methylbutyrate. Robinson et al. (23) have reported evi- 
dence for the reverse degradative sequence of reactions in soluble 
enzyme preparations of rat liver and pig heart resulting in the 
cleavage of a-methylbutyryl-CoA to acetyl-CoA and propionyl- 
CoA. With the use of spectrophotometric and paper chroma- 
tographic methods to identify the intermediates, these authors 
obtained evidence for each of the enzymatic reactions and inter- 
mediates of the sequence. Although Robinson et al. (23) postu- 
lated the reverse synthetic reactions by analogy to other known 
reactions involved in the synthesis of straight chain fatty acids 
(22), no experimental evidence was presented to suggest that the 
system in rat liver or pig heart catalyzes the reverse reaction, 
i.e., the synthesis of the branched chain pentanoic acid from 
acetate and propionate or from their CoA derivatives. 

A. lumbricoides muscle contains all of the glycolytic enzymes.‘ 
From previous data (7), as well as data presented above (see 
Table I), it becomes apparent that propionate and acetate may 
both be formed from glucose or lactate by this helminth. Saz 
et al. (3) have partially purified an enzyme from Ascaris muscle 
which, in the presence of DPNH, catalyzes the reduction of 
methylacetoacetate. After purification, this enzyme does not 
act on acetoacetate. However, the product of this reduction has 
not been characterized as yet. Although tiglic acid does not 
appear to accumulate in the muscle strip preparations used in 


‘E. Bueding, personal communication, 1959. 
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these investigations, Bueding (5) has identified tiglic acid as one 
of the major fermentation products of intact Ascaris. 

Whether or not the above postulated intermediates are in- 
volved in the formation of a-methylbutyrate from acetate and 
propionate by Ascaris muscle cannot be established from the data 
reported. However, all of the data are consistent with a mecha- 
nism which brings about the synthesis of a-methylbutyrate from 
acetate and propionate in Ascaris muscle. It seems likely that 
the above sequence of reactions would require the coenzyme A 
derivatives similar to the formation of butyrate from acetate in 
mammalian tissues (22), and similar to the reverse reactions first 
proposed by Robinson et al. (23). 


SUMMARY 


1. Muscle strips from the helminth Ascaris lumbricoides in- 
corporate acetate-1-C" and acetate-2-C™ into a-methylbutyrate. 
Isotope from acetate-1-C™ and acetate-2-C™ are incorporated 
into carbons 3 and 4 respectively of a-methylbutyrate. 

2. Ascaris muscle strips also incorporate propionate-1-C', 
propionate-2-C'* and propionate-3-C™“ into a-methylbutyrate. 
Isotope from these species of propionate are incorporated into 
carbons 1, 2, and 5, respectively, of a-methylbutyrate. 

3. The degree of incorporation of isotopic acetate and pro- 
pionate into a-methylbutyrate, as well as the distribution of 
labeling found, indicate that the branched chain carbon skeleton 
of a-methylbutyrate is formed by a condensation of the acetate 
carboxyl carbon with carbon 2 of propionate. 
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The synthesis of glycogen from uridine diphosphate glucose 
was first obtained with a liver enzyme (1). Subsequently special 
attention was directed to the muscle enzyme (2) which has also 
been studied by several workers (3-6). 

The main purpose of this investigation was to extend the orig- 
inal studies with the liver enzyme, and in particular to determine 
whether it is activated by glucose 6-phosphate and to study its 
intracellular localization. Further studies on assay, purification 
and optimal conditions are also reported in this paper. 


EXPERIMENTAL 


Methods 


Reagents—Most of the methods were as described previously 
(2). UDP-glucose was prepared as described by Pontis et al. (7). 
Pyruvate kinase was obtained as described previously (8) and di- 
alyzed at 4° against distilled water. The water was renewed every 
3 hours until a precipitate appeared. This precipitate was re- 
moved by centrifugation. The enzyme was stored at —15° in 
0.1 m MgSO,. The suitable dilution was ascertained by testing 
known amounts of UDP. 

ylyeogen was prepared by the usual KOH method and is re- 
ferred to as KOH-glycogen. Soluble starch was obtained from 
Mallinckrodt Chemical Works, St. Louis, Missouri. Galactose- 
6-P was freed from glucose-6-P by treating it with a glucose 6- 
phosphatase preparation from liver. After incubation, proteins 
were coagulated by heating; inorganic phosphate was removed 
as the insoluble Ba salt, and Ba galactose-6-P was precipitated 
with 3 volumes of ethanol and was washed and dried. After the 
treatment the amount of glucose-6-P in the sample was 0.26% 
as measured with glucose-6-P dehydrogenase and TPN. Glu- 
cosamine-6-P was a gift from Dr. 8. Roseman. 

Analytical Methods—Nucleic acids were estimated as described 
by Littlefield et al. (9). Glycogen was measured after digestion 
with KOH and ethanol precipitation, by a modification of the 
iodine method (10). Phosphorylase was determined by measur- 
ing the amount of inorganic phosphate liberated from 0.016 m 
glucose-1-P, in the presence of 0.001 m 5’-AMP, 0.04 m cysteine 
(11), citrate buffer of pH 5.9 and 0.03 m potassium fluoride (12). 
The results are expressed as umoles of inorganic phosphate. 

Protein was estimated according to Lowry et al. (13), usually 
after trichloroacetic acid precipitation because large amounts of 


* This investigation was supported in part by research grant 
(No. G-3442) from the National Institutes of Health, United States 
Public Health Service. 

+ Investigator of the Instituto Nacional de Microbiologia. 


glycogen produced turbidity which interfered in direct determina- 
tions. Plasma albumin, precipitated in the same fashion, was 
used as a standard. Amylase activity was measured as previ- 
ously reported (2), in the presence of 0.01 m chloride and at pH 
7.2; the reducing power was expressed as umoles of glucose. Glu- 
cose 6-phosphatase was estimated according to Swanson (14), 
and results indicated as ymoles of inorganic phosphate. 

Estimation of UDP—The assay method previously reported 
(8) has been improved in collaboration with I. Algranati and E. 
Cabib. The procedure is as follows: To the unknown solution, 
standards and blanks are added (a) 0.025 ml of 0.01 m phospho- 
pyruvate (usually as the cyclohexyl ammonium salt) in 0.4 m 
KCl, and (0) 0.025 ml of pyruvate kinase diluted in 0.1 m MgSOx. 
After incubating 15 minutes at 37°, 0.15 ml of 0.1% dinitro- 
phenylhydrazine in 2 N HCl is added. After 5 minutes 0.2 ml 
of 10 Nn NaOH and 1.1 ml of 95% ethanol are added, and the 
samples are mixed and centrifuged. The optical density of the 
supernatant fluid at 520 my is then measured. 

The improvements consist (a) in carrying out the pyruvate 
kinase reaction in the presence of K+ (15). In this manner a 
more dilute enzyme can be used so that substances such as AMP 
no longer interfere, (b) in adding ethanol so that glycogen is pre- 
cipitated and turbidity avoided. 

Test for Glycogen Synthetase—The composition of the standard 
reaction mixture was as follows: (in umoles) 0.25 of UDP-glucose, 
0.5 of glucose-6-P, 7.5 of glycine buffer of pH 8.5, 0.25 of EDTA,! 
0.4 mg of glycogen, and enzyme; the total volume was 0.05 ml. 
The incubation time was 5 to 10 minutes and the temperature 
37°. The reaction was stopped by heating and UDP was esti- 
mated as described above. Cysteine (0.003 m) was added when 
samples of purified enzyme were tested since with these prepara- 
tions it produced about 50% activation. 

Preparation of Liver Extracts—The rats were given 30% su- 
crose solution orally ad libitum during 5 to 6 hours and killed by 
a blow in the neck. The liver was homogenized in 3 volumes 
of 0.25 m sucrose containing 0.001 m EDTA. The homogenate 
was then centrifuged. The supernatant fluid obtained after 10 
minutes at 2000 x g is referred to as “crude extract.” The crude 
extracts did not lose activity when stored a month or more at 
—15°. 


RESULTS 


Intracellular Localization of Enzyme—When liver homogenates 
were fractionally centrifuged in order to separate the different 


1 The abbreviation used is: EDTA, ethylenediaminetetraace- 
tate. 
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cell constituents most of the activity was recovered in the small 
particle fraction. This fraction could be subdivided in two parts: 
The microsomes which formed a brownish loosely packed layer, 
and the “particulate glycogen” which appeared as a transparent 
pellet firmly packed at the bottom of the tube. These two frac- 
tions could be easily separated by inverting the tube thus allowing 
the microsomes to drain down. An experiment in which the 
different unwashed fractions were analyzed is shown in Table I. 
It may be observed that the activity of glycogen synthetase is 


TaBLe [ 
Fractional centrifugation of liver extract 

The liver homogenate was centrifuged 10 minutes at 700 X g. 
Precipitate discarded. The supernatant fluid was centrifuged 10 
minutes at 5,000 X g. The precipitate is referred to as mitochon- 
dria. The supernatant fluid was centrifuged 10 minutes at 
25,000 X g. The upper part of the supernatant fluid was sucked 
off (final supernatant), the middle part was discarded. The tube 
was then inverted thus allowing the small particle fraction to pour 
out (microsomes). A transparent pellet remained at the bottom 
of the tube (particulate glycogen). The different precipitates 
were suspended in sucrose-EDTA solution (volume about 0.1 of 
original supernatant) and tested without washing. 
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TaBLeE II 
Effect of washing particulate glycogen with different solutions 
The glycogen pellets from 2 ml of crude extract in each case 
were washed twice with 0.2 ml of 0.15 m KCl containing 0.001 m 
EDTA, 0.01 m Tris buffer of pH 7.1 and 0.006 m glucose-6-P. The 
pellets were then suspended in 0.2 ml of the same solution with the 
additions indicated and centrifuged after 10 minutes at 0°. 





Washing solution 





Supernate Precipitate 





| Glycogen synthetase activity 
| 
| 
| 
| 


pmoles UDP/min/ml 


KCl, EDTA, Tris, glucose-6-P...... | ~0.06 1.35 (2.2)* 
Same + KOH-glycogen (50 mg/ml). . | 0.84 (0.90) | 0.84 (3.3) 
Same + soluble starch (50 mg/ml). . ~0.09 1.32 (7.0) 
BS Rr a EL a aay — 1.81 (2.2) 





* Numbers in parenthesis represent specific activities. 
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parallel to the glycogen content. Thus the ratio of these two 
quantities was approximately constant for the different fractions 
whereas the specific activity was highest in the particulate gly- 
cogen. In relation to the original supernatant a 25-fold increase 
in specific activity was achieved. The distribution of phosphor- 
ylase was somewhat different from that of glycogen synthetase, 
in that more activity was found in the final supernatant. The 
adsorption of phosphorylase to glycogen has been observed by 
Sutherland and Wosilait (16). 

Glucose 6-phosphatase was concentrated mainly in the micro- 
some fraction together with the nucleic acid. In fact glucose 
6-phosphatase is considered to be a microsome localized enzyme 
(17). 

Purification of Enzyme—As mentioned above, by separation 
of the ‘“‘particulate glycogen” a 20- to 30-fold increase in specific 
activity is obtained. Hardly any activity could be extracted by 
washing the glycogen particles with saline buffer but as shown 
in Table IT considerable activity was recovered in the supernatant 
fluid when the washing solutions contained KOH-glycogen. Sol- 
uble starch did not help in the extraction of the activity but did 
increase the amount of inactive protein extracted. A simple 
procedure for the purification of the enzyme was developed with 
the use of these facts. A typical preparation was as follows: 
Crude extract (3 ml) was centrifuged for 10 minutes at 25,000 
X g in head No. 295 of an International centrifuge PR-1, and 
the supernatant fluid and microsome fraction were sucked out. 
The remaining glycogen pellet (“unwashed glycogen”) was then 
suspended in 0.3 ml of saline buffer (0.15 m KCl, 0.001 m EDTA, 
0.01 m Tris of pH 7.1, 0.001 m glucose-6-P) containing 50 mg 
per ml of soluble starch, and centrifuged for 10 minutes. The su- 
pernatant fluid was discarded, the precipitate was washed again 
with 0.3 ml of the same solution and centrifuged. The remain- 
ing pellet was resuspended in 0.3 ml of the saline buffer (“washed 
glycogen”). As shown in Table III, a 300-fold increase in spe- 
cific activity was obtained. The yield wasabout12%. Evidently 
such an increase in specific activity is obtained when the latter 
is calculated on the basis of protein concentration but this would 
not be true if dry weight were used in the calculation since most 
of the glycogen remains with the enzyme. Table III also shows 
that phosphorylase is considerably decreased and amylase in- 
creased. 

The purified preparations lost activity rather rapidly, even 
when kept at —15° in the presence of glucose-6-P (about 70% 
in 24 hours). Some protection was obtained by the addition of 
cysteine, albumin or heated liver extracts. Furthermore in the 
purified preparations cysteine produced a 48% increase in ac- 
tivity at 0.003 m concentration. 


TaB_e III 
Purification of enzyme 
Preparation as described in text. The sample of unwashed gly- 
cogen was obtained in a parallel run. Tests for glycogen syn- 
thetase were carried out in the presence of 0.003 m cysteine. 





Protein | UDP | specific | Phos- 
content | forma- Activity phor- |Amylase 




















| ylase 
nt | warms vic,| ‘ee 
Crude extract.........|3 | 32 | 0.95 | 0.03 | 2.08 | 0.35 
Unwashed glycogen....| 0.3 | 2.4 | 1.5 0.63 | 1.8 | 0.55 
Washed glycogen...... 0.3} 0.12)1.2 | 10.0 | 0.15 | 0.52 
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Fia. 1. Time course of the reaction: UDP formation was meas- 
ured after incubation under standard conditions. Lower and 
upper curves with 0.8 yg and 3.2 ug of protein respectively. The 
washed particulate glycogen was used as the enzyme preparation. 
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Fig. 2. Relation between UDP formation and enzyme concen- 
tration. Conditions as in Fig. 1. 


Kinetics—Within certain limits the relationship between UDP 
formation and time or enzyme concentration is linear. Thus as 
shown in Figs. 1 and 2, a straight line was obtained when the 
UDP formed did not exceed 0.06 umoles. The tests for enzyme 
activity were always carried out within these limits, the incuba- 
tion time being 5 or 10 minutes. 

The effect of changing the concentration of UDP-glucose is 
shown in Fig. 3. The value obtained for K,, was 4.8 X 10-‘ M 
and does not differ significantly from the value of 5 x 10-* m 
reported (2) for the rat muscle enzyme. 

pH Optimum—As shown in Fig. 4 the pH optimum was found 
to be about 8.4, that is, the same as for the muscle enzyme (2). 
It may be observed that more activity was obtained with 0.15 
M glycine buffer than with 0.075 m Tris-maleate. 

Action of Glucose-6-P—As in the case of the muscle enzyme, 
addition of glucose-6-P led to an increase in UDP formation. A 
4- to 15-fold increase in activity was obtained in different prepa- 
rations. A curve showing the relationship between glucose-6-P 
concentration and activity is shown in Fig. 5. The K,, calcu- 
lated from such data is 6 X 10-‘m. Fig. 5 also shows the action 
of the other substances which gave an activation. The results 
indicated that galactose-6-P has an activating action although 
smaller than that of glucose-6-P. 

It may be observed in Fig. 5 that the addition of fructose-6-P 


L. F. Leloir and S. H. Goldemberg 





0.06 


0.04 


0.02 


UDP FORMED («MOLES) 














MINUTES 


Fic. 3. The effect of changing UDP-glucose concentration. 
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Fic. 4. pH optimum. O——O, 0.075 m Tris maleate buffer. 
@—@, 0.15 m glycine buffer. Conditions as in Fig. 1. The 
results are expressed as percentage of maximal activity. 
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Fic. 5. The action of glucose-6-phosphate and other substances 
on UDP formation. GM-6-P, glucosamine-6-P, F-6-P, fructose- 
6-P, Gal-6-P, galactose-6-P. 








TaBLe IV 
Action of glucose-6-P on glucose-C'* incorporation 
Complete system as described in text (with cysteine) except 
that the samples corresponding to the left column contained 0.19 
umole of C'4-labeled UDP-glucose with 7500 counts per minute. 
The glycogen was treated with KOH, precipitated and washed 
with ethanol, and counted. The values for samples at t = 0 were 











subtracted. 

Glycogen UDP formed 
< ag Ty ee 7 a = pmoles 
Complete system...... 4 1470 ~0.09 
No glucose-6-phosphate....... 230 0.019 





also produced some activation. Although the glycogen synthet- 
ase used was contaminated with small amounts of phosphohexose 
isomerase, it can be concluded that fructose-6-P is not an inter- 
mediate in glucose-6-P activation but it remains unsettled 
whether it has some action per se. As to the glucosamine-6-P 
sample, it had been obtained by chemical phosphorylation of 
glucosamine so that it is very unlikely that it could be contami- 
nated with glucose-6-P. 

In order to ascertain whether the increased formation of UDP 
in the presence of glucose-6-P corresponded in fact to an increased 
glycogen formation, an experiment was carried out measuring 
the transfer of glucose-C™“ from UDP-glucose to glycogen. The 
results are shown in Table IV, where it may be observed that 
glucose-6-P increases the incorporation of radioactivity into the 
glycogen. 

Many other substances were tested as activators with negative 
results. These were: glucose, galactose, maltose, sucrose phos- 
phate, acetylglucosamine-6-P, glucose-1-P, glucose-1 ,6-diphos- 
phate, a-methyl-glucoside, AMP, trehalose phosphate, trehalose, 
a- and 8-glycerophosphates, D-xylose, D-ribose, D-arabinose, lac- 
tose, cellobiose, gentiobiose and salicin. 

Glucose-6-P was found to protect the enzyme from inactiva- 
tion. Thus as shown in Table V samples preincubated at 37° 
in the presence of glucose-6-P were considerably more active than 
those preincubated with water or buffers. 

Miscellaneous Experiments—Some experiments were carried 
out in order to detect the reversibility of glycogen synthetase. 
The tests consisted in incubating the enzyme with glycogen and 
UDP and measuring UDP-glucose with UDP-glucose dehydro- 
genase. All the results were negative. 

The action of some inhibitors was investigated. Glucose at 

TABLE V 
Action of different substances on stability of enzyme 

Samples of enzyme (unwashed glycogen fraction) were prein- 
cubated 10 minutes at 37° in 4 volumes of the solutions indicated 
and immediately tested. 


Solution added for preincubation | UDP formed in 10 min 


pmoles 
I Sesh iad oh Lc Pee ae 0.005 
gp SS aS a 0.003 
Glucose-6-phosphate, 0.01 M............ 0.065 
SN SII, «sg 2) os oe bees sce oS oe ones 0.013 
Heated liver extracts................... 0.063 
Control (not preincubated)............... 





0.073 
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0.1 M concentration produced 45% inhibition. Trehalose phos- 
phate at 0.01 m concentration inhibited 59% and UMP at 0.005 
M concentration, 50%. a-Methyl-glucoside produced no effect. 
Magnesium ions were not found to activate the enzyme and it 
seems likely that the increases in activity which have been re- 
ported may be due to an activation of phosphoglucomutase which 
in impure preparations would lead to the formation of glucose- 
6-P. 


DISCUSSION 


The experiments reported show that on centrifugation of liver 
extracts, glycogen synthetase sediments together with the gly- 
cogen. Thus it can be separated together with the “particulate 
glycogen” first described by Lazarow (18). This type of glyco- 
gen has been studied further (19, 20) and preparations have been 
obtained which contain less than 0.005% protein (20). The 
molecular weight has been estimated to be 2 x 10’ to2 x 108 
while that of KOH-glycogen is about 3 x 10° (21). 

Glycogen synthetase appears to be bound to the “particulate 
glycogen” as an enzyme-substrate complex since on addition of 
KOH-glycogen followed by centrifugation considerable amounts 
of enzyme remain in the supernatant fluid. Robbins et al. (4) 
had already suggested that binding to the glycogen might explain 
the ready sedimentability of the enzyme in muscle. The firm 
binding to the substrate may explain the apparent particulate 
character of other polysaccharide synthesizing enzymes. 

No new information has been obtained on the mechanism of 
the activation by glucose-6-P. The latter substance was found 
to have a protective action on the enzyme and it cannot be de- 
cided with certainty if the apparent activation is due to protec- 
tion or to real activation. 

The concentration of glucose-6-P necessary for half maximal 
activation is 6 X 10-* mM and the concentration in liver ranges 
from 0.5 X 10-* to 6 X 10-* moles per kg of wet liver (22) so 
that it seems likely that glucose-6-P concentration in vivo should 
be important in the regulation of glycogen synthetase activity. 


SUMMARY 


The formation of glycogen from uridine diphosphate glucose 
has been studied in liver extracts. On fractional centrifugation 
of liver homogenates the enzyme was found to sediment together 
with the glycogen. By washing the glycogen precipitate the 
specific activity could be increased up to 300-fold. 

The liver enzyme, like that of muscle, was found to be acti- 
vated by glucose-6-phosphate at physiological concentration, and 
also by glucosamine-6-phosphate and galactose-6-phosphate. 

Studies on the method of assay and pH optimum are reported. 
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Hyaluronidases have been isolated from many different sources, 
such as bacteria, snake venom, leeches, and mammalian testis. 
Those enzymes which have been studied more extensively have 
been shown to be $-endohexosaminidases (2, 3). Evidence 
presented here will show that the hyaluronidase of the leech 
hydrolyzes the internal glucuronidic bonds of hyaluronic acid 
and is, therefore, a B-endoglucuronidase. 

The action of dilute alkali on oligo- and polysaccharides (4, 5) 
and on hexosamine-containing disaccharides (6) has been de- 
scribed. A similar method was used here to prepare reference 
compounds for the enzymatic degradation products. One of 
these is a disaccharide containing the hexosaminidic bond and, 
having the uronic acid on the reducing end, is isomeric with 
hyalobiuronic acid (7). 


EXPERIMENTAL 


Colorimetric methods for hexosamine, terminal acetylglucosa- 
mine, uronic acid, and reducing sugar have been reported pre- 
viously (2). Paper chromatograms were run on Whatman No. 
1 filter paper by downward irrigation for 24 to 48 hours in a 
butanol-acetic acid-water solvent (8). Ehrlich’s and aniline 
reagents (8) were used to spray the papers. All enzyme experi- 
ments were carried out at 37° in 0.1 m acetate buffer at pH 5.0 
with the substrate at a concentration of 10 mg per ml. 

Oligosaccharides were fractionated on columns of Dowex 1 
X10 (acetate form, 200 to 400 mesh) by elution with acetic and 
formic acids (8). Eluates were screened by the carbazole re- 
action (9) and by paper chromatography. Material within 
elution peaks was isolated by evaporating the solution under 
reduced pressure to small volumes, and passing it through col- 
umns of Amberlite IRC-50 (Na+ form) to convert to sodium 
salts, followed by lyophilization. 

Degradation of Hyaluronic Acid—Sodium hyaluronate (2) was 
incubated for 24 hours with 2 mg per ml of leech enzyme, ob- 
tained by extraction of leech heads (10). An aliquot of the 
digestion mixture was chromatographed on paper with a testicu- 
lar hyaluronidase digest (8) as control. The results are shown 
in Fig. 1. Both digests show a similar distribution of oligo- 
saccharides, the “leech products” having somewhat slower 
mobility than the corresponding “testicular oligosaccharides”’; 
they differed even more markedly from the disaccharide ob- 
tained by bacterial hyaluronidases. 


* This work has been supported in part by a United States Pub- 
lic Health Service grant. A preliminary report of this work has 
appeared (1). 

+ Established Investigator of the American Heart Association. 
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Isolation of Products—Incubation of 250 mg of hyaluronate 
was begun with 50 mg of leech enzyme; after 24 hours another 
50 mg of enzyme were added and the incubation continued for 
5 days. The digest was then placed on a Dowex column, and 
the oligosaccharides eluted within two major peaks were com- 
bined and isolated. The first peak contained 154 mg of ma- 
terial which on paper chromatography gave a single spot migrat- 
ing slightly slower than “testicular tetrasaccharide” (8), i.e. the 
fastest spot of the digest shown in Fig. 1. The second peak 
contained 100 mg of material migrating somewhat slower than 
“testicular hexasaccharide.” Analyses of the tetrasaccharide- 
like material of Peak I are compared with those of testicular 
tetrasaccharide in Table I. The compounds contain the same 
proportions of hexosamine and uronic acid; the leech product 
differs, however, by a very low acetylglucosamine end-group 
color (2) and a lower reducing value. 

Peak I material (26 mg) was dissolved in 1.0 ml of water and 
added slowly to a solution of 16 mg of sodium borohydride in 
2.0 ml of 0.1 m borate buffer, pH 8.0. After 1 hour at room 
temperature and 2 hours in the refrigerator, the solution was 
brought to pH 4.5 with acetic acid. One milliliter of Dowex 
50(H*) was added, the solution centrifuged, the supernatant 
fluid evaporated several times under reduced pressure with 
intermittent additions of methanol, and the residue lyophilized. 
The analysis of the reduced “leech tetrasaccharide” (18.7 mg) 
is shown in Table I. It can be seen that the uronic acid value 
dropped to about one half of its original value while the hexosa- 
mine analysis remained unchanged. These data indicate that 
this leech enzyme product is a tetrasaccharide with the uronic 
acid at the free reducing end. 

Action of Lime Water on Oligosaccharides—In order to obtain 
comparison compounds, the action of lime water on various 
oligosaccharides was studied. N-Acetylhyalobiuronic acid (7) 
and N-acetylglucosamine were each dissolved at 10 mg per ml 
in 0.04 n calcium hydroxide. The solutions were left at room 
temperature for 6 hours, carbon dioxide was bubbled through 
the solution, and aliquots were spotted on paper. The alkali- 
treated acetylglucosamine gave one spot at the same level as an 
untreated control and a major, fast moving spot probably identi- 
cal with the anhydroacetylglucosamine of Kuhn et al. (6). The 
disaccharide gave only a very faint spot for unchanged ma- 
terial, a strong spot corresponding to the anhydroacetylglucos- 
amine mentioned above, and a spot for glucuronic acid. Glu- 
curonic acid treated under the above conditions remained 
unchanged. ‘Testicular tetrasaccharide was dissolved at 10 mg 
per ml in lime water and left at room temperature for 4 hours; an 
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Fig. 1. Reproduction of chromatogram showing the products 
of leech hyaluronidase. A, 24-hour digest with leech enzyme; B, 
testicular hyaluronidase digest. 


aliquot was chromatographed on paper. Only two major spots 
were obtained, the faster spot corresponding to anhydroacetyl- 
glucosamine, the slower spot moving slightly faster than the 
starting material. This indicated that the tetrasaccharide 
was cleaved to a trisaccharide and anhydroacetylglucosamine, 
U-A-U-A- — U-A-U- + anhydro-A. To verify this, 400 mg of 
tetrasaccharide were dissolved in 30 ml of 0.04 N calcium hy- 
droxide; after 4 hours at room temperature carbon dioxide was 
bubbled through the solution, which was then placed on a Dowex 
column. Fractions of a large peak eluted by 0.5 N formic acid 
were combined and isolated. The material obtained (223 mg) 
had analyses consistent with a trisaccharide structure (U-A-U-); 
they are compared in Table II with those of a trisaccharide ob- 
tained previously by 6-glucuronidase action on testicular tetra- 
saccharide (11). 

Leech tetrasaccharide was incubated with liver 8-glucosamini- 
dase, known to be an exo-hexosaminidase (11), and after 48 hours 
an aliquot of the solution was chromatographed on paper (Fig. 
2). One spot corresponding to acetylglucosamine and one 
corresponding to the trisaccharide obtained by lime water were 
detected, indicating that the following reaction took place: 
A—U—A—U— —> A + U—A—U—.!' In order to isolate the 
trisaccharide, 100 mg of leech tetrasaccharide were incubated 


1 The abbreviations used are: U, uronic acid; A, acetylhexos- 
amine; A— and U— denote the reducing end. 
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TaBLe [ 
Comparison of tetrasaccharides 























| | 
ae, H . Uroni Acetylglu- ee 
Tetrasaccharide ar wen cosamine — 
we sera % % % % 
Product of testis enzyme | 
(12S i 2 3) ees eke | 43 | 49 68 53 
Product of leech enzyme | 
CAPU-B-U =). .S iss. mew 38 | 45 18 37 
Reduced “‘leech tetrasaccha- | 
WET ciks rs eandcecinamoe | 38 | 26 8 1 
TaBLe II 


Comparison of trisaccharides 














ia , | H | Uronic |Acetylglu- | peduci 

Trisaccharide | pa ea | ag —— nt ro 
bai: | % % % % 
Glucuronidase* (A-U-A-)... | 55 30 80 54 
Ca(OH)et (U-A-U-) .........| 30 62 30 45 
‘Leech tetrasaccharide’’t... | 23 | 59 24 38 





* Obtained by the hydrolysis of testicular tetrasaccharide with 
6-glucuronidase. 

+ Obtained by treatment of testicular tetrasaccharide with 
Ca(OH)>. 

t Obtained by hydrolysis of leech tetrasaccharide with 8-glu- 
cosaminidase. 


with 40 mg of liver 6-glucosaminidase for 64 hours. The ma- 
terial was isolated from the reaction mixture as described above 
for the trisaccharide obtained by lime water treatment. The 
trisaccharide obtained (43 mg) had the analysis shown in Table 
II. It appears to be the same as the compound prepared from 
testicular tetrasaccharide by lime water. The leech hyaluroni- 
dase did not act on this trisaccharide or on phenolphthalein 
8-p-glucuronide; therefore it is an endoglucuronidase. To check 
this further, hexasaccharide U—A—-U—A—-U—A—,, a testicular 
hyaluronidase product (8), was incubated with leech enzyme and 
an aliquot was chromatographed on paper. Two major spots 
were obtained, one corresponding to trisaccharide U—A—U—, 
the other to trisaccharide A—U—A— (11). 

A disaccharide with the uronic acid moiety on the reducing 
end and containing a hexosaminidic bond was prepared from 
the trisaccharide U—A—U— (obtained with the use of lime 
water). Trisaccharide (76 mg) was incubated with 8 mg of liver 
8-glucuronidase for 24 hours and the digest was placed on a 
Dowex column. Peak fractions were combined and the products 
isolated. ‘Two major products were obtained; the first migrated 
on paper like N-acetylhyalobiuronic acid, the other gave spots 
corresponding to glucuronic acid and glucuronolactone. Anal- 
ysis of the disaccharide fraction (36 mg) is shown in Table III. 

When this disaccharide (A—U—) was incubated with B- 
glucosaminidase, paper chromatography of the incubation mix- 
ture showed the presence of acetylglucosamine and glucuronic 
acid. Acid hydrolysis yielded the same products, showing that 
no modification of the monosaccharide units had occurred. This 
new disaccharide is therefore an isomer of N-acetylhyalobiuronic 
acid in which the order of monosaccharide units is reversed. 
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Fic. 2. Reproduction of chromatogram showing the action of 
6-glucosaminidase on ‘‘leech tetrasaccharide.’’ A, “leech tetra- 
saccharide’; B, 8-glucosaminidase digest; C, controls: faster 
spot is the trisaccharide A-U-A-, slower spot, the trisaccharide 
U-A-U-; D, N-acetylglucosamine. 


TABLE III 


Comparison of N-acetylhyalobiuronic acid 
and its isomeric disaccharide 

















| . | Acetylglu- . 
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From Ca(OH): (A-U-)...... 33 4 | 25 | 39 
DISCUSSION 


The hyaluronidases which have been studied in detail so far 
have been found to be endohexosaminidases degrading hyalu- 
ronic acid to di- or oligosaccharides with the hexosamine moiety 
on the free reducing end. These include enzymes obtained from 
bacteria (3, 12), snake venom (10), and testis (2). 8-Glucuroni- 
dases were shown to be exo-enzymes acting only on oligosac- 
charides, not on the polymer (11). The major product of the 
leech hyaluronidase studied here is a tetrasaccharide. In this 
respect the enzyme resembles testicular hyaluronidase (8). 
However, this new tetrasaccharide has the uronic acid rather 
than the hexosamine on the reducing end, as shown by the re- 
sults of borohydride reduction and the production of a trisac- 
charide by 8-glucosaminidase, an enzyme shown previously (11) 
to act only on the nonreducing end of oligosaccharides, 7.e. 


Hyaluronate Oligosaccharides 
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A—U—A—U— — A + U—A—U—. Theoretically this new 
tetrasaccharide should not have given any acetylglucosamine 
color; the low value obtained is probably due to some alkaline 
degradation during the reaction, 0.5 N NazCO; at 100°. The 
lime water experiments showed that the uronic acid as a redue- 
ing end-group is more stable to alkali than that of the amino 
sugar, accounting for the lower and more nearly theoretical 
reducing value of the leech tetrasaccharide as compared to the 
testicular products. The oligosaccharides prepared by lime 
water, 7.e. uronic acid on the reducing end, showed the same 
type of behavior in the reducing sugar and acetylglucosamine 
reactions as the leech product. 

It had been observed that 3-substituted acetylglucosamines 
gave unusually high color yields in the Morgan-Elson test (13). 
This can be explained by the fact that N-acetylhyalobiuronic 
acid, a 3-substituted disaccharide, gave a much higher yield of 
chromophore, anhydroacetylglucosamine (6), than acetylglucos- 
amine itself. The oligosaccharides prepared by lime water and 
leech enzyme could be of considerable value in structural and 
biosynthetic work, since compounds derived from hyaluronic 
acid with the glucuronic acid on the reducing end have not been 
available heretofore, because the enzymes used thus far cleaved 
the hexosaminidic linkage only and acids hydrolyze it much 
more readily than the uronidic bond. It is now possible to 
prepare hyaluronate oligosaccharides with any combination of 
uronic acid and hexosamine as reducing and nonreducing end- 
groups. 

The leech enzyme is the first example of an endo-8-glucuroni- 
dase that degrades hyaluronate. Unlike 6-glucuronidases from 
other sources (11), this enzyme does not act on phenolphthalein 
glucuronide or on the trisaccharide U—A—U—. 

A very interesting observation on the specificity of hyaluroni- 
dases arises from this study and earlier ones. Testicular and 
bacterial hyaluronidases, although they are endo-hexosamini- 
dases, appear to have greater specificity for the uronic acid 
moiety of the polymers they hydrolyze, since they degrade 
hyaluronic acid and chrondroitin, which have different amino 
sugars. However, they do not act on chrondroitin sulfate B, the 
iduronic acid containing isomer of chrondroitin sulfate A, with 
the exception of an enzyme from an adapted flavobacterium. 
nor do they hydrolyze polymers of hexosamine devoid of uronic 
acid. The leech enzyme, although a 6-glucuronidase, does not 
act on chondroitin or chondroitin sulfates A and C, which con- 
tain glucuronic acid but differ in the amino sugar from hyaluron- 
ate. The hyaluronidase of the leech, therefore, is the most 
specific enzyme known for the identification of hyaluronic acid. 


SUMMARY 


The hyaluronidase of the medicinal leech is shown to be an 
endoglucuronidase. The enzyme hydrolyzes hyaluronic acid to 
oligosaccharides which have the uronic acid moiety on the free 
reducing end. Comparison compounds, also having a uronic 
acid reducing end, were prepared by the action of lime water on 
oligosaccharides obtained from hyaluronate by testicular hyal- 


uronidase. The properties of these compounds are discussed. 
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The triphosphopyridine nucleotide-specific isocitric dehydro- 
genase is known to catalyze the following three reactions (1): 


Isocitrate + TPN* = a 
a-ketoglutarate + CO, + TPNH + H* ) 


Oxalosuccinate — a-ketoglutarate + CO: (2) 
Oxalosuccinate + H* + TPNH -— isocitrate + TPN*+ (3) 


Each of the three reactions requires magnesium or manganese 
ions. All efforts to demonstrate the reversibility of Reactions 2 
and 3 have failed, leading to the postulate that the equilibrium 
for Reaction 4, is very far to the right (1,2). Thus the complex 


Oxalosuccinate + enzyme =— enzyme-oxalosuccinate (4) 


may be an intermediate in Reaction 1 but its conversion to free 
oxalosuccinate is not a part of the mechanism. With this in- 
formation, one would postulate that the mechanism for Reaction 
1 written in the reverse direction, ignoring other necessary en- 
zyme complexes, would be: 
Enzyme + a-ketoglutarate + CO; = . 
enzyme-oxalosuccinate + H* (5) 
Enzyme-oxalosuccinate + H* + TPNH = , 
; enzyme + isocitrate + TPN* (6) 
with both partial reactions requiring divalent metal ions. 
Reaction 5 might involve the preliminary dissociation of the 
hydrogen to be substituted on the 8-carbon of a-ketoglutarate, 
to form an enzyme-enolate complex that could either react 
further with CO, or return to free a-ketoglutarate with the acqui- 
sition of a proton from the medium. Such a preliminary activa- 
tion of hydrogen @ to a carbonyl has been demonstrated for the 
aldolase reaction (3). It is also made reasonable by studies of 
the decarboxylation of 8-keto acids (4, 5). These reactions are 
believed to result in the intermediate formation of enolate ion, 
which is rapidly converted to the stable keto-product. As a test 
of this path in the isocitric dehydrogenase reaction, and indeed as 
a test of Equation 5 as a whole, the cofactor requirements and 
the kinetics of the exchange of the 8-hydrogen of a-ketoglutarate 
with hydrogen of the medium by mammalian TPN-isocitric 
dehydrogenase have been studied. 


MATERIALS AND METHODS 


I socitric Dehydrogenase Assay—The assay used by Siebert et al. 
(6) was modified. The incubations were done in a Beckman 
model DU spectrophotometer at room temperature in a silica 


* Supported by a grant (No. A912) from the National Institutes 
of Health, United States Public Health Service. 


cell with a 1-cm light path. In a volume of 1.0 ml the following 
components were present (in wmoles): Triethanolamine-Cl buffer, 
pH 7 (30), MgCl. (4), TPN (0.09), dl-isocitrate (1.6), and a 
sufficient amount of enzyme to give a linear rate. The rate of 
increase in optical density at 340 my as TPNH formed was fol- 
lowed for about 5 minutes. 1 unit of enzyme activity is defined 
as that amount which converts 1 umole of TPN to TPNH per 
minute under the above conditions. A value of 6.22 was used 
for the millimolar extinction coefficient of TPNH at 340 mu (7). 

Detritiation Assay—In a volume of 0.16 ml the following com- 
ponents were present (umoles): Triethanolamine-Cl buffer (20), 
EDTA! (0.1), MgCl. (1), TPNH (0.009), T.-ketoglutarate (0.14), 
enzyme (0.008 to 0.026 isocitric dehydrogenase unit). Varia- 
tions of this procedure are noted in the text. The mixtures were 
incubated in small stoppered test tubes in a 37° water bath for 
30 minutes. At the end of the incubation time, 0.34 ml of water 
was added to each tube and the contents put on a small Dowex 1 
(Cl-) column (about 2 cm high by 1 em wide). The incubation 
tube was rinsed twice with 0.5 ml of water. Each rinse was then 
used to wash the column. Of the combined 1.5 ml of column 
eluate 0.5 ml was added to 15 ml of counting mixture and counted 
in the liquid scintillation counter. The ternary mixture of 
toluene-ethanol-H,O (3) was used for all counting. When ap- 
proximately one-third or more of the total counts present were 
released in an experiment, the observed counts per minute were 
corrected to take into consideration the fact that the specific 
activity of the substrate was changing appreciably during the 
course of the reaction (3). All rate data are expressed in terms 
of counts per minute released into the aliquot counted during the 
30-minute incubation period. 

Preparation and Properties of T .-Ketoglutarate—A typical prep- 
aration of T.-ketoglutarate was begun with 19 mg (100 umoles) 
of Na»-a-ketoglutarate to which was added 0.04 ml of tritiated 
water (1 curie per ml). The reaction was carried out in a narrow 
tube which was evacuated, sealed, and placed in an autoclave 
at 15 pounds pressure for 15 minutes. The contents of the tube 
were passed through a Dowex 1 (Cl-) column. The column was 
washed thoroughly with large amounts of water. The a-keto- 
glutarate was eluted with 0.1 n HCl. Two milliliter fractions 
were collected and the radioactivity located by counting small 
aliquots in the scintillation counter. 

The a-ketoglutarate was assayed with glutamic dehydrogenase 
(Boehringer) according to the procedure of Strecker (8). Total 
counts were determined by counting a sample directly and total 

1The abbreviations used are: EDTA, ethylenediaminetetra- 


acetic acid; T.-ketoglutarate, 6-ditritiated a-ketoglutarate; D2- 
ketoglutarate, 6-dideuterated a-ketoglutarate. 
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counts detritiated by isocitric dehydrogenase were found by 
measuring the counts released with an excess of enzyme after 
sufficiently long incubation, as determined experimentally. 

The maximal incorporation of tritium into a-ketoglutarate 
was 2 atoms per molecule, as would have been anticipated from 
the enhanced reactivity of hydrogens a to a carbonyl group. 
When tritiated a-ketoglutarate containing 46,500 ¢.p.m. was in- 
cubated with the components of the detritiation assay and a large 
amount of enzyme, 22,300 c.p.m. were released into water. The 
removal by the enzyme of half the counts and the expected 
stereospecificity of the isocitric dehydrogenase reaction are con- 
sistent with the conclusion that only the B-hydrogens have been 
labeled with T. 

The tritiated a-ketoglutarate was not stable indefinitely. It 
was stored frozen either in 0.1 N acid or at about pH 5. A new 
preparation was made when the counts released in the absence of 
enzyme increased to about three times the value obtained with a 
fresh preparation. 

D.-Ketoglutarate was prepared in a similar way with the use of 
a much larger amount of D.O (99.6% D). The completeness of 
deuteration was established by the use in the reaction mixture 
of a trace of tritiated water and a comparison of the radioactivity 
of the water and the isolated product (deuterated a-ketogluta- 
rate). 

Tritiated pyruvate (200,000 c.p.m. per umole) and a-keto- 
butyrate (100,000 c.p.m. per umole) were prepared in a similar 
manner and were provided by Dr. I. A. Rose. 

Preparation of Enzyme—The following procedure involves only 
moderate amounts of material and is relatively simple and rapid. 

The enzyme was obtained from hog heart acetone powder fol- 
lowing Method II of Siebert et al. (6) through Step 3. The 
specific activities of the various fractions obtained were appre- 
ciably less than those reported by that group. A portion of the 
active ammonium sulfate fraction thus obtained was purified 
further on carboxymethyl cellulose prepared by the method of 
Peterson and Sober (9) (obtained from Dr. G. Taborsky; pK’ = 
3.6, 9.7 meq per g). The carboxymethy] cellulose was suspended 
in water, washed with 0.5 n KOH-0.5 n KCl, and then with 
water until the washings were neutral. A column 5 cm high 
and 1 em wide was used. It was equilibrated with 0.005 m 
potassium phosphate buffer, pH 7.3 + 0.001 m EDTA. A gra- 
dient elution was set up in a room at 5°. The mixer contained 
60 ml of 0.005 m phosphate buffer, pH 7.3 + 0.001 wm EDTA. 
The reservoir contained the same buffer plus 0.2 n KCl. The 
flow rate was about 12 ml per hour. The enzyme solution had 
been extensively dialyzed against the same phosphate-EDTA 
buffer. It was applied to the column and fractions of about 2 
ml were collected. Of the enzyme that had been applied to the 
column, 67 % was recovered in the eluate between 40 and 64 ml. 
The fractions with the highest specific activity were combined. 
The combined active fractions had a specific activity of 12.7 
units per mg, which represented a 6-fold purification of the ma- 
terial applied to the column. This preparation was supple- 
mented with bovine serum albumin to a concentration of 2 mg 
per ml and stored frozen. It was the enzyme used in all the 
experiments reported in this paper. 


RESULTS 
Conditions for Detritiation of T.-Ketoglutarate—Of the sub- 


stances necessary for the reductive carboxylation of a-keto- 
glutarate, only carbonate was not required for the labilization 


Z. B. Rose 


929 


TABLE I 
Conditions for detritiation of T:-ketoglutarate 

Each incubation contained 0.14 wmole of T.-ketoglutarate 
(250,000 ¢.p.m. per umole). Experiment A: Triethanolamine-Cl 
buffer, pH 7 (20 umoles), EDTA (0.1 umole), and enzyme (0.016 
unit). Experiment B: Triethanolamine-Cl buffer, pH 6.5 (20 
umoles), EDTA (0.1 umole), MgCl. (1 wmole), 0.2 mg bovine 
serum albumin, and enzyme (0.008 unit). 











Experiment | Conditions ‘a peroneal 
c.p.m. 
A 1. Control 673 
2. + Mg 761 
3. + TPNH (0.08 umole) 696 
4. + Mg + TPNH (0.08 umole) 3230 
5. + Mg + TPNH (0.003 umole) 2912 
6. + Mg + DPNH (0.055 umole) 812 
B 1. Control 840 
2. + TPN (0.03 umole) 818 
3. + TPNH (0.085 umole) 1735 
4. + KHCO,* (10 umoles) 680 
| 5. + TPNH + KHCO,* | 1112 





* Gassed with 100% CO, for 5 minutes. 


of the 6-bound tritium. The requirements for the detritiation 
reaction are shown in Table I. Both TPNH and Mg are neces- 
sary. Neither TPN nor DPNH could substitute for TPNH. 

Attempts were made to determine whether there was indeed 
no need for CO: in the detritiation reaction or if a low CO. 
requirement were being masked by traces present in the assay 
reagents. A small amount of Na,C“O; was added to a sample 
incubation at pH 6.5, identical to the experimental incubation 
except for the substitution of normal a-ketoglutarate for T:- 
ketoglutarate. The iced mixture was gassed with argon that 
had been passed through barium hydroxide. It was found that 
12 minutes of such gassing reduced the counts present in the 
mixture to 0.13% of the original value and that no CO, could 
be detected after 30 minutes of gassing. The complete experi- 
mental reaction mixture was gassed in this manner in an ice 
bath for 15 minutes before incubation in an argon atmosphere 
under the usual conditions (30 minutes at 37°). No diminution 
of detritiation activity was observed. Furthermore, reproducible 
results have been obtained over a wide pH range and over a 
period of time with fresh and stored reagents. These considera- 
tions, in addition to the high CO. concentrations required for 
such effects as have been obtained with CO, (see later sections), 
led to the conclusion that the detritiation reaction was inde- 
pendent of COs. 

The data presented can be used to calculate the number of 
umoles of substrate detritiated per minute and the ratio of the 
rate of the isocitric dehydrogenase reaction to that value. For 
example, in Table I, incubation A4, it was found that 7,170 ¢.p.m. 
were released during the incubation. This indicated that the 
rate of loss of the single susceptible 8-T from the T,-ketoglutarate 
was 0.002 umole per minute. The isocitric dehydrogenase ac- 
tivity was 0.016 umole per minute and the ratio 0.016/0.002 = 8. 
In incubation B3, 2,685 c.p.m. was the total released during the 
incubation, or 0.0007 umole of 8-T lost per minute. The ratio 
of isocitric dehydrogenase units (0.008 unit was present) to 
detritiation activity was 0.008/0.0007 = 11. These ratios are 
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Fic. 1. Variation with pH of the rate of the detritiation of T2- 
ketoglutarate. Cacodylate buffer was used at pH 6.5 and 7, tri- 
ethanolamine-Cl from pH7 to pH 9.5. Both buffers gave the same 
rate at pH 7. Each incubation contained (in zmoles): buffer (20), 
EDTA (0.1), MgCl. (1), TPNH (0.014), T2-ketoglutarate (0.14) 
containing 1.2 X 10° ¢.p.m. per umole, and enzyme (0.013 unit). 


TaB_e II 
Specificity of detritiation for keto acid 
Each incubation contained 0.14 umole of keto acid in addition 
to the following components (in umoles) : Triethanolamine buffer, 
pH 7.6 (20), EDTA (0.1), MgCl. (1), TPNH (0.014), and 0.026 
unit of enzyme. 





Detritiation in 30 minutes 








No enzyme Complete 
ee A - a c.p.m : | c.p.m. 
8-T2-a-Ketobutyrate.............. 100 92 
BO eee - 227 | 264 
2500 8777 


T.-Ketoglutarate . 





TaBLeE III 
Inhibition of detritiation by KHCO, 


The complete system was as described in the section on ‘‘Meth- 
ods,’’ with the buffer at the pH noted and other changes as shown 





Detritiation in 30 minutes 


pH 6.5|\pH 7.8] pH 9 | pH 9.5 |pH 9.5* 








c.p.m. | ¢.p.m. | c.p.m. | c.p.m. | ¢.p.m. 
es. 690 | 765 | 4500) 3296| 6820 

1735 |7003 |16,942/25, 400/28, 400 
1112 |5223 |11,242/15,400/17,300 
(10)¢|(24)¢, (20) | (10) | (10) 


Without enzyme 
Complete a ee 
Complete + KHCO, (umoles). . 








Inhibition by CO>... 
* Incubations contained 4 umoles of MgCl. instead of 1 wmole. 

t Incubation was gassed with 100% CO». 

t Incubation was gassed with 12% COs». 





60% 28% 46% | 39% | 38% 
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in the range generally found when the two rates were compared. 
Differences in experimental conditions may be sufficient to ac- 
count for this variability in the ratios. 

Characteristics of Detritiation Reaction—It was found that the 
rate of detritiation was linear with enzyme concentration over a 
45-fold range of enzyme concentration. The course of the 
detritiation with time was also studied. It was found to be 
linear over the 80-minute period studied. 

K, values were determined for a-ketoglutarate and TPNH 
in the detritiation reaction. With the use of the Lineweaver- 
Burk plot (10), the data indicated the values 9.2 x 10-° m for 
TPNH and 1.3 x 10-4 for a-ketoglutarate. 

The pH dependence of the velocity of detritiation was meas- 
ured. The rate was appreciable over the entire experimental 
range, pH 6.5 to 9.5, with a rather rapid increase from about pH 
8 to 9 (Fig. 1). 

Two additional a-keto acids were tested in the detritiation 
assay to determine whether they would substitute for the usual 
substrate. Neither a-ketobutyrate nor pyruvate, both tritiated 
in the B-position (a to the carbonyl) showed any activity (Table 
II). 

Effects of CO2 on Detritiation Reaction—It was found that CO, 
inhibited the detritiation of a-ketoglutarate (Table III). At 
pH 9.5 it was necessary to be sure that the observed inhibition 
was not due to the binding of appreciable amounts of Mgtt 
by the CO,- rather than to a primary effect of the carbonate. 
When the experiment was done with 4 times as much Mg++ 
and a constant bicarbonate concentration, the same percentage 
of inhibition was found with both concentrations of Mgt+. It 
was concluded that carbonate does indeed inhibit under these 
conditions. 

Relationship of Reductive Carboxylation to Detritiation of a- 
Ketoglutarate—A comparison was made of the initial rates of the 
over-all back reaction and the detritiation reaction. Using con- 
ditions that gave a measurable linear initial rate in the reductive 
carboxylation, it was found that the rate of detritiation was some- 
what faster than the initial rate of the back reaction. Fig. 2 
shows the rates plotted against time. The initial rate of oxida- 
tion of TPNH was indicated by an OD change of 0.029 per 
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Fic. 2A. Rate of reductive carboxylation of T.-ketoglutarate. 
The reaction was followed in the Beckman spectrophotometer at 
350 mz. A 1 ml volume contained (in ymoles): Triethanolamine- 
Cl buffer, pH 8 (70), EDTA (70), bovine serum albumin (70), 
MgCl. (70), TPNH (0.13), Te-ketoglutarate (0.42) containing 
160,000 c.p.m. per 6-H, and enzyme (0.113 unit). KHCO; (72) was 
gassed with 100% CO. immediately before addition. B. Rate of 
detritiation of T,-ketoglutarate. Samples of 0.12 ml volume were 
removed at the times noted from the same incubation described 
in A. 
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minute at 350 my (Fig. 2A). In order to reduce the inter- 
ference due to the presence of a high concentration of a-keto- 
glutarate, the optical density changes were read at 350 my in- 
stead of at 340 mu. The ratio of TPNH optical density at 340 
mu /350 my was found to be 1.12 and this factor is included in 
the calculation. The rate, then, was 0.0052 umole of TPNH 
oxidized per minute per ml of incubation. The rate of detritia- 
tion (from Fig. 2B) was 4,300 ¢.p.m. per 0.12 ml of incubation 
per 30 minutes which corresponds to 1,200 ¢.p.m. per ml or 
0.0075 watom of T labilized per minute per ml of incubation. 
The ratio of the rates was about 3 to 2. The error in measuring 
the initial rate of the reductive carboxylation could have been 
as much as 25%. The detritiation rate could be determined 
far more accurately since it remained linear for at least an hour. 
This experiment allows the conclusion that the rate of detritia- 
tion of a-ketoglutarate is somewhat faster than, but of the same 
order of magnitude as, the rate of reductive carboxylation. 
Thus, the detritiation rate is sufficient to account for the rate of 
the reductive carboxylation of a-ketoglutarate, which it must 
be if there is no kinetic isotope effect in the breaking of the C—T 
bond. 

The reductive carboxylation reaction was studied with D-- 
ketoglutarate as substrate. As shown in Table IV, there was 
no difference in the rate of the reaction whether D.-ketoglutarate 
or normal a-ketoglutarate was used as substrate. This result 
is in keeping with the results of the previous experiment in which 
it was found that the rate of loss of the 6-H of a-ketoglutarate is 
faster than the rate of the over-all reaction. 

Is Isocitric Dehydrogenase Responsible for Detritiation of a- 
Ketoglutarate?—The detritiation reaction was inhibited by 
isocitrate. Table V shows this effect. It is of interest that 
either TPNH or a-ketoglutarate in amounts larger than those 
found to be optimal under the usual assay conditions, could 
largely reverse the inhibition by isocitrate. The specificity for 
the natural isomer of isocitrate is shown by the data in Table 
VI. When 0.016 umole of dl-isocitrate was incubated under 
standard assay conditions, it was shown to inhibit the detritia- 
tion of a-ketoglutarate by 80%. When TPN was substituted in 
the incubation for TPNH, and a 5-minute preincubation allowed 
before the addition of the a-ketoglutarate, no inhibition of 
detritiation occurred. In that case, the TPNH required for the 
detritiation was generated at the same time that the natural 
isomer of isocitrate was removed. The 0.008 umole of the 
enantiomorph, /-isocitrate, remaining had no effect on the subse- 
quent detritiation rate. It was also found that citrate was not 
an inhibitor of detritiation. 

Both isocitric dehydrogenase and detritiating activities are 
observable over a broad pH range. Siebert e¢ al. (1) show 
isocitric dehydrogenase activity at a high level from pH 5.5 to 
9.5. Detritiation has been studied from pH 6.5 to 9.5 and found 
to occur readily throughout this range (Fig. 1). Both activities 
are completely unstable, however, to a short incubation of the 
enzyme at pH 9.5. Protection against inactivation under these 
conditions was afforded by any of several substances. As shown 
in Table VII, in the presence of any one of the following sub- 
stances the isocitric dehydrogenase activity was stabilized: 
MgCl, TPN, TPNH, dl-isocitrate, a-ketoglutarate, or KHCOs. 
Yeast adenylic acid, a mixture of the 2’ and 3’ forms, also pro- 
tected the enzyme as did DPN and citrate. EDTA failed to 
protect. Table VII indicates that the degree of stabilization 
was reflected in the amount of stabilizer used but no attempt was 
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TABLE IV 
Reductive carboxylation with normal and D:-ketoglutarate 
Each incubation contained in a 1 ml volume (in pmoles): Tri- 
ethanolamine-Cl buffer, pH 8 (100), EDTA (0.6), MgCl: (4), 
TPNH (0.1), KHCO; freshly gassed with 100% CO: (60), and en- 
zyme (0.069 unit). The reaction was followed in the Beckman 
spectrophotometer at 350 mu. 











| umoles 40D patna el 
Normal a-ketoglutarate | 8.4 0.013 
16.8 0.013 
| 33.6 0.015 
D.-ketoglutarate 7.65 0.013 
15.3 0.013 
30.6 0.018 








TABLE V 
Inhibition of detritiation by isocitrate 

Each incubation contained (in ymoles) : Triethanolamine buffer, 
pH 7.6 (20), EDTA (0.1), MgCl. (1), and enzyme (0.026 unit). 
When present, dl-isocitrate (0.016). In the complete system the 
a-ketoglutarate had a specific activity of 1.2 X 10° ¢.p.m. per 
umole. When the higher a-ketoglutarate concentration was used, 
the specific activity was 0.24 X 10° c.p.m. per umole. 




















is i 
Additions TPNH Fa amt tion in 30 men 
mumoles| moles C.p.m. aes 
No enzyme 8.8 | 0.14 1,060 
Complete 8.8 0.14 | 12,000 80 
Isocitrate 8.8 0.14 3,198 
TPNH 26.6 0.14 | 11,700 36 
TPNH + isocitrate 26.6 0.14 7,810 
a-Ketoglutarate | 8.8 0.70 3,070 24 
8.8 0.70 2,593) 


a-Ketoglutarate + isocitrate 





TaBLe VI 
Specificity of isoctitrate inhibition 
Assay conditions as for Table V. All tubes were preincubated 
for 5 minutes at room temperature before the addition of T»- 
ketoglutarate to begin the detritiation reaction. 











Detritiation in 
30 minutes 
Cc. p.m. 
GONG ANBOUR es 6.o5i.0s). 5s ctsceiens eth agenesis 879 
Standard assay RE Pe Re Sh IW Erm oe 11,600 
Standard assay + dl-isocitrate (0.016 wmole)...... 1,967 
TPNH omitted + TPN (0.0088 umole).............| 13,400 
Standard assay + citrate (0.016 wmole)............ | 12,300 





made to determine optimal conditions for each effective sub- 
stance. The variety of the protective substances makes it 
questionable that binding occurred at the enzymatically active 
center. 

The detritiation reaction was studied under identical condi- 
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TaBLeE VII 


Stability of isocitric dehydrogenase and detritiating 
activities at pH 9.5 

Each incubation contained 24 umoles of glycine buffer, pH 9.5, 
and enzyme in a total volume of 0.12 ml. Additions were present 
as noted. After 3 minutes at 37°, the remaining components of 
the isocitric dehydrogenase assay (in pH 9.5 buffer) or the detritia- 
tion assay were added in order to determine the residual enzyme 
activity. The activity of the enzyme used was (units per ml): 
Experiment 1, 0.645; Experiment 2, 2.2; Experiment 3, 1.29; Ex- 
periment 4,0.323. In Experiment 5 the untreated system released 
13,255 c.p.m. during the assay. 











| 
Stabilization of 








Experiment Additions (umoles) lisocitric dehydro- 

| | genase 

% 

1 | None 0 
| EDTA (0.1) | 0 

| EDTA (0.2) 0 
MgCl, (1.0) 100 

TPN (0.09) 38 
TPNH (0.0088) 100 

| dl-Isocitrate (1.6) 47 

| a-Ketoglutarate (0.98) 25 

2 None 0 
Yeast adenylic acid (2’ and 3’) (1) 60 

Yeast adenylic acid (2’ and 3’) (4) 60 

3 None 0 
KHCO,; (10) 37 
KHCO; (20) 67 

4 None 17 
TPN (0.021) 62 

DPN (0.045) 50 
Citrate (3.2) 90 

Stabilization of 
detritiating 
activity 

5 | None 0 
EDTA (0.1) 0 

| MgCl. (2) 100 


TPNH (0.018) 98 


tions of exposure to pH 9.5; TPNH and MgCl, were tested as 
protective agents. Both were effective (Table VII). As with 
isocitric dehydrogenase activity, EDTA offered no protection 
against inactivation at pH 9.5. 

Another observation serves to affirm the identity of the two 
enzymatic activities. Both the spectrophotometric and the 
detritiation assays changed in parallel as the activity of stored 
enzyme fractions changed. 


DISCUSSION 


The exchange phenomenon that has been observed leads to 
the very likely conclusion that the immediate product of the 
oxidative decarboxylation of isocitrate is the enzyme-bound 
enolate anion of a-ketoglutarate. This result is in keeping with 
studies of the metal-catalyzed decarboxylation of B-keto acids 
(5) in which the enolate anion has been demonstrated to be 
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formed before the more stable keto product. Furthermore, the 
ability of oxaloacetic decarboxylase of Micrococcus lysodeikticus 
(11) to carry out an exchange reaction between oxaloacetate and 
CO. may be reasonably interpreted as evidence for an enzyme- 
bound form of enol-pyruvate anion. The exchange reaction of 
a-ketoglutarate and enzyme does not occur unless both Mg and 
TPNH are present. The exchange is stereospecific for one of 
the two hydrogens of the 6-carbon. Thus the free enolate form 
of a-ketoglutarate cannot be liberated from the enzyme since 
this would result in the eventual loss of isotope from both - 
hydrogen positions. 

Over the entire pH range the rate of exchange is decreased by 
carbonate. The explanation for this effect may be similar to 
the inhibition given by glyceraldehyde 3-phosphate in the ex- 
change of hydrogen a to the carbonyl in dihydroxyacetone phos- 
phate catalyzed by aldolase (3); namely, that by forcing the 
reaction toward condensation the detritiation rate must ap- 
proach the condensation rate. An interesting contrast to the 
results reported in this paper was obtained by I. A. Rose and 
M. F. Utter? with the chicken liver “malic enzyme,” often con- 
sidered analogous to isocitric dehydrogenase. All the compo- 
nents of the complete reaction system (Mg, TPNH, and CO.) 
are required for the exchange reaction between (#-tritiated 
pyruvate and protons of the medium. 

In the isocitric dehydrogenase reaction the step involving CO, 
must be subsequent to the activation step. If the carboxylation 
precedes the reduction, there would be a complex made up of 
enzyme, Mg, TPNH, and oxalosuccinate. This is consistent 
with the known requirements for the reduction of oxalosuccinate 
(Reaction 3). That TPNH is necessary for the hydrogen activa- 
tion step and presumably for the subsequent carboxylation of 
a-ketoglutarate is inconsistent with the apparent nonrequire- 
ment for TPNH of Reaction 2. No data have been reported 
concerning the effect of TPNH on the decarboxylation of oxalo- 
succinate, but there is little likelihood that the highly purified 
enzyme used by Siebert et al. (1, 6) to study the reaction was 
contaminated with TPNH. The previously mentioned studies 
on the malic enzyme provide a comparable and perhaps more 
anomalous situation. For exchange of hydrogen on the 6-carbon 
of pyruvate, TPNH and not TPN is specifically required. This 
appears to be in contradiction with the well documented conclu- 
sion (12, 13) that the decarboxylation of oxaloacetate by this 
enzyme is strongly stimulated (up to 6-fold (14)) by added TPN 
as well as by TPNH. These results seem to contradict the 
principle of microscopic reversibility (15) which requires that 
the details of a reaction be the same in both directions. 

The following idea is tentatively suggested to resolve the diffi- 
culties mentioned. It is not unreasonable that oxalosuccinate, 
like the other components of the net reaction, should be able to 
combine independently with the enzyme. In the presence of 
Mg this complex may be particularly unstable and undergo 
decarboxylation even more readily than the acid does spontane- 
ously. This decarboxylation reaction may occur in a manner 
not related to the mechanism of Reaction 1. The occurrence 
of Reaction 3 is evidence of the existence of the partial Reaction 
6, and of enzyme-oxalosuccinate as an intermediate in the reduc- 
tive carboxylation of a-ketoglutarate. There are other examples 
in which labile substrates, in the presence of their specific en- 
zyme, undergo reactions other than those usually considered to 


21. A. Rose and M. F. Utter, unpublished. 
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occur as part of an accepted metabolic sequence: e.g. the destruc- 
tion of DPNH by p-glyceraldehyde phosphate dehydrogenase 
(16) and the hydrolysis of thiolesters catalyzed by the same 
enzyme (17). 

The unexpected results obtained in the detritiation studies led 
to a more extensive study to establish the identity of the enzyme 
responsible for the exchange reaction with isocitric dehydro- 
genase. The evidence for this identity includes: (a) inactiva- 
tion at pH 9.5 and protection by TPNH and a-ketoglutarate 
isshown for both activities, (6) aging results in the parallel change 
in both activities, and (c) the exchange activity is inhibited spe- 
cifically by the natural isomer of isocitrate and by COs, both 
components of the net forward reaction. If a separate enzyme 
were responsible for the exchange reaction, the addition of CO» 
should have increased the detritiation rate. 

The role of TPNH in the exchange reaction has not been 
clarified. The assumption that carboxylation precedes reduc- 
tion precludes that TPNH be involved in its usual role as a 
reductant. This may be another example of the necessity of a 
nucleotide for structural purposes as was suggested by Racker 
and Krimsky (17) for partial reactions of triose phosphate dehy- 
drogenase. Possibly TPNH serves to maintain the isocitric 
dehydrogenase protein in a particular structural orientation 
favorable for interaction of the “active center” with a-keto- 
glutarate. 


SUMMARY 


Some aspects of the mechanism of the reaction catalyzed by 
the triphosphopyridine nucleotide-isocitric dehydrogenase of hog 
heart have been studied. A partially purified preparation that 
could be kept stored for long periods was obtained. The enzyme 
catalyzed the labilization of a single tritium atom from 6- 
ditritiated a-ketoglutarate. For the liberation of that tritium 
atom, reduced triphosphopyridine nucleotide, Mg ions, and the 
enzyme were required. Carbon dioxide inhiktited the release of 
tritium as did the natural isomer of isocitrate. 

A comparison of the rates of reductive carboxylation of a- 
ketoglutarate and loss of the tritium atom from 6-labeled a- 
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ketoglutarate, indicated that the former reaction was somewhat 
slower than the latter. No difference was observed in the rate 
of reductive carboxylation when 6-dideutero a-ketoglutarate was 
substituted for the normal acid. Both isocitric dehydrogenase 
and detritiation activities were lost on short exposure to high 
pH unless protective substances were present. 

These results have been discussed in relation to the work of 
other investigators and some suggestions have been made con- 
cerning the enzyme mechanism. 


Acknowledgment—The author is indebted to Dr. I. A. Rose for 
many helpful suggestions and discussions. 
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From the Department of Biochemistry, Albert Einstein College of Medicine, Yeshiva University, 
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There are two known mechanisms of synthesis of phospho- 
pyruvate in animal tissues. One of these is direct phosphoryla- 
tion of pyruvate by adenosine 5’(pyro)-triphosphate, catalyzed 
by pyruvate kinase, and the other phosphorylative decarboxyla- 
tion of oxaloacetate in the presence of inosine triphosphate and 
phosphoenolpyruvate carboxykinase. Present evidence has been 
interpreted as suggesting that in liver both mechanisms may be 
operative. This interpretation rests on data showing that, al- 
though C-1, C-2, C-5, and C-6 of the glucosyl residues of liver 
glycogen become especially enriched with isotope when formed 
from 2-C- or 2-C"-lactate or pyruvate (1-3), the isotope con- 
centrations of C-2 and C-5 are greater than the amounts of 
isotope in C-1 and C-6, respectively. This inequality of isotope 
concentrations has been explained by assuming that glucosyl 
residues labeled in positions 2,5 (direct phosphorylation of 
pyruvate) are mixed with others labeled in positions 1,2,5, 
and 6 (phosphorylative decarboxylation of oxaloacetate). This 
interpretation of the data presupposes that oxaloacetate, labeled 
equally in positions 2 and 3, is an intermediate in the reaction, 
and that the isotope is distributed in this way because of the 
presence in the pathway of a symmetrical C,-dicarboxylic acid 
intermediate. 

The C,-dicarboxylic acid pathway of formation of 2,3-C™- 
phosphopyruvate from 2-C'-pyruvate is illustrated in Fig. 1. 
It will be seen (Pathway /) that if the rate of isotopic equilibra- 
tion of malate and fumarate is more rapid than the rate of oxida- 
tion of 2-C-malate, the specific activities of C-2 and C-3 of 
malate become equal and 2,3-C'-phosphopyruvate is the sole 
product of the reaction. On the other hand, if oxidation of a 
significant proportion of 2-C'-malate takes place before equilibra- 
tion of C in malate (Pathway 2), 2-C'4-phosphopyruvate would 
be formed. Thus it is conceivable that the higher specific 
activities of C-2 and C-5 than of C-1 and C-6, respectively, 
reflect incompleteness of isotopic equilibration of malate. 

The present studies were conducted for the purpose of assessing 
the extent of isotopic equilibration of positions 2 and 3 of malate 
in rat liver. For this purpose 3-C'-pL-malate was synthesized 
and administered to fasting rats. Liver glycogen was isolated 
and subjected to degradative procedures in order to measure the 
specific activities of C-4, C-5, and C-6 in the glucosyl residues. 
The experiment revealed that the specific activities of C-5 and 
C-6 were equal, indicating that isotopic equilibration of C-2 and 
C-3 in malate occurred more rapidly than oxidation of the malate. 


* Aided by grants from the United States Public Health Service, 
National Institutes of Health (RG-5905), and the National Science 
Foundation (G-5099). 
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EXPERIMENTAL 


Synthesis of 3-C'4-pt-malate—In 100 ml of 1 N HSO, were 
dissolved 200 ucuries of 3-C'*-pL-aspartic acid (Research Special- 
ties Company, Richmond, California) and 20 mmoles (2.66 g) of 
normal pL-aspartic acid. To this solution 30 ml of 30% NaNO, 
were added dropwise, with stirring, over a period of 1.5 hours. 
Stirring was continued for another hour and the solution then 
concentrated under reduced pressure. Celite was added to the 
concentrate until a fine, flowing powder was obtained. This 
was extracted with ether in a Soxhlet apparatus for 18 hours. 
The ethereal extract was concentrated to dryness, the solid 
residue dissolved in ethyl acetate, and the solution decolorized 
with Norit. Concentration of the solution yielded a white 
crystalline product which melted at 126-128°. The 3-C'*-malic 
acid weighed 1.48 g (55% yield). Before use the specific activity 
of the product was reduced by the addition of normal malic 
acid. The specific activity of the administered material was 
6180 d.p.m. per umole. 

Animal Experiment—Six male rats of the Sprague-Dawley 
strain, average weight 208 g, were fasted for 24 hours before use. 
Each animal received by stomach tube 4.9 mmoles of 3-C'*-malic 
acid in aqueous solution neutralized with NaOH. After 3 hours 
the animals were anesthetized with Nembutal and the livers re- 
moved. Glycogen was isolated and purified according to the 
directions of Stetten and Boxer (4). From 44.8 g of liver, 0.405 
g of glycogen was obtained. 

Degradative Procedures—On hydrolysis of the glycogen with 
dilute HCl, glucose was formed in an amount equivalent to 
98.5% of the expected value. The specific activity of the glucose 
was 1843 d.p.m. per umole. 

For isolation and counting of C-6, an aliquot of the glucose 
was oxidized with periodate according to the procedure of Reeves 
(5). The formaldehyde, isolated and counted as the dimedone- 
derivative, had a specific activity of 473 d.p.m. per umole. 

In a mixture of 25 ml of methanol, 0.4 ml of acetylchloride, and 
1.2 ml of 2,2’-dimethoxypropane, 423.7 mg of the remaining 
glucose and 847.4 mg of normal p-glucose were dissolved. The 
solution was heated in a Liebhoff urea tube for 2.5 hours at 100°; 
after it was decolorized with Norit and evaporated to a syrup, 
crystallization of the a-methylglucoside was spontaneous. On 
recrystallization from acetone-methanol the glucoside melted at 
164-166°; it weighed 0.800 g (58.5% yield). 

A portion of the a-methylglucoside was oxidized with periodate 
in accordance with the directions of Jackson and Hudson (6). 
From the products of oxidation, glycerol (C-4 + C-5 + C-6) was 
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prepared by the procedure of Smith and Van Cleve (7) and 
isolated as the tribenzoate as described previously (3). 

In order to obtain a measure of the specific activities of C-4 + 
C-6, 42 mg of the glyceroltribenzoate were reduced with 42 mg 
of LiAIH, in 30 ml of absolute ether. After the reaction mixture 
was stirred at room temperature for 4 hours, water was added, 
and the ether and water layers were separated. The aqueous 
solution containing glycerol was neutralized with 1 n HCl and 
the precipitate which formed was removed by filtration. The 
glycerol was now oxidized to formaldehyde (C-4 + C-6) and 
formate (C-5) with periodate (5), and the formaldehyde was 
isolated and counted as the dimedone-derivative. Of dimedone- 
formaldehyde, 44.2 mg were obtained (a yield of 73%) with a 
m.p. of 191-193°. A preliminary trial of this method of degrada- 
tion was carried out on authentic 6-C'*-glucose and yielded the 
results shown in Table I. It will be seen that, within experi- 
mental error, all of the counts of the glucose are accounted for 
by the radioactivity of the dimedone-formaldehyde formed from 
positions 4 + 6. 

Measurements of radioactivity were carried out in a liquid 
scintillation spectrometer, appropriate corrections being applied 
for efficiency and quenching. 


RESULTS 


The data resulting from the degradation of the a-methyl- 
glucoside are shown in Table II. From these data the specific 
activity of C-5 may be readily calculated. This is 318 — 166 = 
152 d.p.m. per watom. The specific activity of C-6 is 600 x 
473/1843 = 154 d.p.m. per watom. The specific activities of C-5 
and C-6 are thus seen to be virtually identical. 

As observed in other studies (2, 3), the specific activity of C-4 
(166 — 154 = 12d.p.m. per patom) is relatively low as compared 
to the radioactivity of C-5 and C-6. 

It is of interest to estimate the efficiency of utilization of 
exogenous malate in the formation of liver glycogen. The total 
amount of glycogen found in the livers was equivalent to 2.78 x 
10° umoles of glucose. The total amount of radioactivity in the 
liver glycogen is thus 2.78 x 10° X 1843 = 5.1 x 10° d.p.m. 
The amount of radioactivity given was 6180 x 4.9 x 10° x 6 = 
182 x 10°d.p.m. The yield of radioactivity in the liver glycogen 
is therefore 5.1 X 10®/182 x 10° = 2.8%. Computed on the as- 
sumption that only t-malate is utilized in metabolic reactions, 
the yield is 5.6%. This is comparable to the value of 4.56% 
which was observed when similar experiments were performed 
with the use of 2,2’-C™ fumarate (8). 


DISCUSSION 


The foregoing results demonstrate that, under the conditions 
employed, a reversible reaction between malate and a sym- 
metrical C,-dicarboxylic acid, presumably fumarate, occurs so 
rapidly that isotopic equilibration between the dicarboxylic acids 
is complete before oxidation of malate. 

In a previous report (9) the hypothesis was presented that in 
the liver malate is formed from exogenous lactate in a coupled 
oxidation-reduction reaction between the lactic dehydrogenase 
and malic enzyme systems. This hypothesis was suggested by 
the observation that administration of 2-deuterolactate to fasting 
rats led to the appearance of deuterium in position 6 of the 
glucosyl residues of liver glycogen. To explain this result it was 
proposed that 2-deuteromalate is initially formed in the oxida- 
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¢, randomized C' in the molecules. See text for significance of 
numbering of pathways. 


TABLE [ 


Specific activities of derivatives and products of 
degradation of authentic 6-C'4-glucose 





Product C atoms of oagieel glucose Specific 





in uct activity 
d.p.m./ymole 
or watom 
a-Methylglucoside 1+2+3+4+5+6) 595 
Glyceroltribenzoate 4+5+6 608 


Dimedone-formaldehyde from 
oxidation of glycerol 4+6 596* 











* Since 2 moles of formaldehyde are formed from each mole of 
glycerol, the specific activity shown is twice the observed specific 
activity of the dimedone-formaldehyde isolated in the reaction. 


TaBLe II 


Specific activities of products of degradation of glycogen 
formed from 3-C'4- pi-Malate 








Pid Cc ene ° ~y glucose Specific 
d.p.m./ymole 
or patom 
a-Methylglucoside 1+2+3+4+5+6 600 
Glyceroltribenzoate 4+5+6 318 
Dimedone-formaldehyde from 
oxidation of glycerol 4+6 166* 











* Since 2 moles of formaldehyde are formed from each mole of 
glycerol, the specific activity shown is twice the observed specific 
activity of the dimedone-formaldehyde isolated in the reaction. 


tion-reduction reaction and that equilibration of the 2-deutero- 
malate with fumarate leads to the formation of 2,3-deutero- 
malate. It was presumed further that the rate of isotopic 
equilibration is more rapid than the rate of oxidation of malate. 
This assumption was essential to the argument, since the oxida- 
tion of 2-deuteromalate would result in the formation of un- 
labeled phosphopyruvate and thus in the absence of deuterium 
from position 6 of glucose. That 2-deuteromalate is a likely 
intermediate in the reaction is supported by the fact that keto- 
oxaloacetate is known to be the substrate for the action of malic 
dehydrogenase (10, 11) and the condensing enzyme (12), and 
ketoglutarate the substrate of glutamic dehydrogenase (13). In 
the latter case it was demonstrated that the hydrogen of DPNH 
enters position 2 of glutamate. By analogy it may be supposed 
that ketopyruvate is the substrate for the malic enzyme system 
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and that hydrogen from TPNH is directly transferred to position 
2 of malate. The present studies support the view that, if 2- 
deuteromalate is indeed the product of the coupled action of the 
lactic dehydrogenase and malic enzyme systems on 2-deutero- 
lactate, the formation of 2,3-deuteromalate is sufficiently rapid 
to lead to the appearance of deuterium in position 6 of the glucose 
units of liver glycogen. 

The results of the present study do not furnish direct evidence 
pertaining to the principle mechanism of formation of phospho- 
pyruvate utilized in the synthesis of triose phosphate. Al- 
though the scheme shown in Fig. 1 is based on the assumption 
that malate, formed in the malic enzyme reaction, is irreversibly 
transformed to oxaloacetate, it should be pointed out that re- 
versal of the malic enzyme system, plus the action of fumarase, 
would lead to the formation of 2,3-C'*-pyruvate and thus to the 
labeling pattern observed in the present studies. The question 
therefore arises whether oxaloacetate is indeed an intermediate in 
the formation of phosphopyruvate, or whether all phosphopyru- 
vate in the liver is formed by way of the pyruvate kinase reac- 
tion. Lightisshed on this question by the results of experiments in 
which deuterium was used. As mentioned above, the appearance 
of deuterium in position 6 of the glucosyl residues of glycogen 
formed from 2-deuterolactate provides evidence for the forma- 
tion of 2, 3-deuteromalate, 3-deutero-oxaloacetate, and 3-deutero- 
phosphopyruvate. Reversal of the malic enzyme reaction, if 
this occurred to a considerable extent, would result in the forma- 
tion of 3-deuteropyruvate. As discussed in an earlier report (3), 
the utilization of 3-deuteropyruvate for the synthesis of phospho- 
pyruvate by the pyruvate kinase system may be expected to lead 
to the removal of deuterium from the molecule by the exchange 
reaction described by Rose (16). It may therefore be concluded 
that although reversal of the malic enzyme reaction may occur 
to some degree, the results observed in studies with deuterium- 
labeled substrates point strongly toward the operation in vivo of 
the phosphoenolpyruvate carboxykinase reaction. Moreover 
the rate of the latter reaction would seem to be faster than the 
rate of exchange of deuterium from the molecule by the combined 
action of the malic enzyme system and pyruvate kinase. 

The quantitative significance of the pyruvate kinase system, 
on the one hand, and of the phosphoenolpyruvate carboxykinase 
system, on the other, cannot be clearly evaluated at this time. 
It seems to be quite certain, however, that the unequal distribu- 
tion of isotopic carbon between C-1, C-2, and C-5, C-6 of liver 
glycogen formed from 2-labeled lactate or pyruvate cannot be 
ascribed to incompleteness of isotopic equilibration. In view 
of the existence of the pyruvate kinase system in liver, and be- 
cause net synthesis of phosphopyruvate by this system can be 
demonstrated (14, 15), it would seem reasonable to conclude 
that it is the concurrent operation of both the pyruvate and 
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phosphoenolpyruvate carboxykinase systems which in the liver 
leads to the asymmetric distribution of isotopic carbon in the 
glucose units of glycogen formed from 2-C- or 2-C"*-lactate or 
pyruvate. In a previous report (3), a quantitative assessment 
of the physiological significance in rat liver of the two pathways 
was presented. These results indicated that approximately two- 
thirds of liver glycogen formed from administered lactate enters 
the C,-dicarboxylic acid pathway and one-third is utilized di- 
rectly by the action of the pyruvate kinase system. The data 
presented in the present report add validity to this assumption. 


SUMMARY 


The present studies were conducted to assess the extent of 
apparent randomization of positions 2 and 3 of C,-dicarboxylic 
acids in rat liver. For this purpose 3-C'*-malate was synthesized 
and administered to fasting rats. The glucose derived from liver 
glycogen was subjected to degradative procedures in order to 
measure the specific activities of C-4, C-5, and C-6. The specific 
activities of C-5 and C-6 were observed to be virtually identical. 
This result is interpreted to signify that apparent randomization 
of C-2 and C-3 of malate is complete before oxidation of malate. 


Acknowledgment—The authors are grateful to Mr. Basilio 
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Evidence that glucose! is the ultimate 6-carbon precursor of 
ascorbic acid in the rat was first obtained by Jackel, Mosbach, 
Burns, and King (1). They administered uniformly labeled glu- 
cose-C¥ to Chloretone-treated rats and recovered uniformly la- 
beled ascorbic acid from the urine. Subsequently, Horowitz, 
Doerschuk, and King (2) and Burns and Mosbach (3) discovered 
that when glucose-1-C™ was administered to Chloretone-treated 
or normal rats, the urinary ascorbic acid was labeled primarily 
in C-6. Experiments employing glucose-6-C“ in Chloretone- 
treated rats resulted in urinary ascorbic acid labeled primarily in 
C-1 (4). These tracer studies and the nonisotopic experiments 
of Isherwood, Chen, and Mapson (5) led to postulation of the 
following scheme of ascorbic acid biosynthesis in the rat: 


p-Glucose — p-glucuronolactone — 
L-gulonolactone — L-ascorbic acid 


Both tracer and enzymic studies have established the fact that 
p-glucuronolactone and t-gulonolactone can be converted to 
ascorbic acid by the rat (5-7). Surveys of the enzymic con- 
version of p-glucuronolactone to L-ascorbic acid in various mam- 
malian organs indicate that the liver is the most likely site of 
synthesis (8, 9). The sterochemical similarity between glucose 
and p-glucuronolactone has led to the tacit assumption that glu- 
cose is the ultimate precursor of ascorbic acid, although a direct 
over-all conversion has never been demonstrated in vitro. 

In plant tissues, two distinct pathways of ascorbic acid forma- 
tion have been demonstrated with C-labeled substrates. One, 
from glucose, yields ascorbic acid with the same carbon sequence; 
i.e. C-1 through C-6 of glucose becomes C-1 through C-6 of ascor- 
bic acid (10, 11). The other, from p-glucuronolactone, yields 
ascorbic acid with an inverted carbon sequence, i.e. C-1 through 
C-6 of p-glucuronolactone is converted to C-6 through C-1 of 
ascorbic acid (11, 12). 

The results obtained with plant tissues have prompted us to 
reinvestigate the glucose to ascorbic acid conversion process in 
the intact rat, but with certain differences in experimental pro- 
cedure from previously published studies. First, the experi- 
ments reported herein have been performed on nondrugged ani- 


* A laboratory of the Western Utilization Research and Devel- 
opment Division, Agricultural Research Service, United States 
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1 Glucose refers to D-glucose and ascorbic acid to L-ascorbic 
acid. 
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mals. Glucose-2-C was used to avoid possible complications 
arising from the loss or redistribution of C“ from terminally la- 
beled glucose. Ascorbic acid was recovered from the liver, the 
presumed site of synthesis. The period of metabolic labeling was 
limited to 3 hours between administration of glucose-2-C“ and 
the time the animal was killed. Comparative data on the met- 
abolic fate of glucose and its isotope distribution were obtained 
by recovery and degradation of the glycogen as well as of the 
ascorbic acid from the same liver. With these technical modi- 
fications, our results confirm the previously published work of 
others (2-5), indicating that ascorbic acid is synthesized from 
p-glucose in the mammalian organism by way of reactions that 
lead to inversion of the hexose carbon chain. 


EXPERIMENTAL 


Wistar male white rats were used in the three experiments out- 
lined in Table I. Comparative data were obtained from a fasted, 
a fasted exercised, and a fed animal. Experiment 59-7 was de- 
signed to study certain aspects of metabolism in exercising muscle 
as well as ascorbic acid synthesis. The rat in this experiment 
was forced to swim for 30 minutes before and 3 hours after isotope 
administration. In Experiment 59-5 and 59-7, food was with- 
drawn for the 24 hours preceding and throughout the period of 
isotope incorporation. Glucose-2-C (600 uc per mmole of car- 
bon), 72 we per ml of distilled water, was injected interperi- 
toneally and the animals were killed by decapitation 3 hours 
after injection. Each liver was homogenized in 100 ml of ice- 
cold 5% trichloroacetic acid in a Waring Blendor for 2 minutes 
at high speed followed by centrifugation. The residue was re- 
suspended in an additional 100 ml of cold 5% trichloroacetic 
acid, rehomogenized, and recentrifuged. Combined trichloro- 
acetic acid extracts were treated with an equal volume of eth- 
anol to precipitate the glycogen and allowed to stand several 
hours in the cold. Glycogen was recovered by centrifugation 
and purified by three additional precipitations from water with 
ethanol. One portion of the trichloroacetic acid supernatant was 
treated, as described below, for recovery of ascorbic acid. The 
other portion was withheld for unrelated studies of nucleotide 
pentose.” 

Glycogen—A portion of each liver glycogen sample was hydro- 
lyzed by heating for 2 hours in Nn H,SQ, over a boiling water bath. 
Sulfate was removed by passing the hydrolysate through a short 
column of IR-4B (OH) exchange resin. The effluent and 
washes were combined, assayed for total glucose (13), diluted 


2H. Hiatt and J. Lareau, in preparation. 
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TABLE I 


Liver ascorbic acid and glycogen-derived glucose of rats 
given glucose-2-C'4 






































Undiluted oy gs Administered 
Dilution : 
- la cu 
a B activity factor gush 
Experi- ‘s 2 
ment Animal status = 3 
No. bs ; ae 2 e lg = 
214 /@e| $ | 22] 8|4e| 2 
sf] =s | 88 2 | §8)3) 88] 3B 
= 1S) < o < o < oO 
t | me | “Carbon: % | % 
59-5 Fasted 24 hr | 300 | 43 |0.09/0.10 | 180 |212 |0.014/0.014 
| 
59-7 Fasted 24 hr,| 180 |113 '0.06|0.004| 290 | 36¢/0.002/0.004 
exercised | | 
59-10 Fed | 250 36.510. 20/0.009) 440 2 (0.02910.40 











* Assumed 0.2 mg of ascorbic acid per gram of liver (wet weight) 
(20). 

+t Twenty milligrams of carrier glycogen added during recovery. 
Recovered 32.4 mg of glycogen as glucose. Assumed a 3-fold dilu- 
tion of glycogen before 12-fold dilution with glucose and recrystal- 
lization. 


with a weighed amount of carrier glucose, concentrated to a 
syrup under reduced pressure, and crystallized from ethanol. 
The crystalline glucose was wet combusted to obtain an estimate 
of the total activity (14) and degraded by fermentation with 
Leuconostoc mesenteroides (15). The products of fermentation 
were separated and then degraded chemically to assay the activ- 
ity of each carbon (16). 

Ascorbic Acid—After the glycogen had been removed, the tri- 
chloroacetic acid extracts from Experiments 59-5 and 59-7 were 
shaken with an equal volume of ether twice to remove trichloro- 
acetic acid. Normal acetic acid was added to the extract from 
Experiment 59-5 and the acidified solution was lyophilized to 
dryness and stored until used. The extract from Experiment 
59-7 was similarly treated after addition of 20 mg of carrier ascor- 
bic acid. In Experiment 59-10, 40 mg of carrier ascorbie acid 
were added to the trichloroacetic acid before homogenization of 
the fresh liver. After recovery of the glycogen, this trichloro- 
acetic acid extract was stored at +10° until ascorbic acid separa- 
tion was effected. 

Each ascorbic acid-containing, trichloroacetic acid-free ex- 
tract of rat liver, diluted with water, was passed through a short 


column of Dowex 50(H) exchange resin. The effluent was loaded 
on a Dowex 1(formate) exchange resin column, which was then 
washed with a large volume of water to remove radioactivity not 
bound to the resin, and eluted with a dilute formic acid gradient 
(12). Eluted fractions containing ascorbic acid as indicated by 
titration of aliquots with 2,6-dichlorophenolindophenol were 
combined, assayed for total ascorbic acid and radioactivity, di- 
luted with a weighed amount of carrier ascorbic acid sufficient 
to effect a recovery of 50 to 100 mg, and concentrated under re- 
duced pressure at 40°. The residue was taken up in 2 to 3 ml of 
absolute methanol to which ethyl ether was added until a floc- 
culent white precipitate had formed (1 to3 ml). This precipitate 
was removed immediately by centrifugation. The clear solution 
was concentrated in a stream of nitrogen to 1 ml and 5 ml of ethyl 
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ether were added. Ascorbic acid crystallized slowly in the cold 
to give about 90% recovery. Subsequent crystallizations were 
made in glacial acetic acid until constant activity was attained. 

Total activity of ascorbic acid was obtained by wet combustion 
(14). The internal distribution of C was determined by chem- 
ical degradation (2, 4, 10). Carbon dioxide from the various deg- 
radation procedures was measured in the gas phase as previ- 
ously described (17). Samples were counted for a time suffi- 
cient to distinguish 3 c.p.m. above background with a precision 
of 1 ¢.p.m. (18). 


RESULTS 


Data summarizing that portion of C“ incorporated into ascor- 
bic acid and glycogen are presented in Table I. Fasting reduced 
the molar activity of the ascorbic acid to less than one-half the 
value obtained in the fed rat. Exercise reduced it still further 
and also markedly reduced the amount of C“ converted to ascor- 
bic acid. The percentage conversion of C™ to ascorbic acid in 
Experiments 59-5 and 59-10 was of the same order of magnitude 
as values obtained for the urinary ascorbic acid of normal rats 
administered glucose-1-C™ (3, 19). 

Much more glycogen was recovered from the liver of the fed 
rat than from that of the fasted rats. The extremely low molar 
activity of the fed rat liver glycogen can be ascribed to endog- 


TABLE IT 


Isotope distribution in liver ascorbic acid of rats given glucose-2-C™ 














Experi- Relative activity in ascorbic acid carbon atoms* 
ment | Animal status - — — —— 
No. cs | ce] cs i ca | cs | C4 

- pita am é —— eee | 

59-5 Fasted 22 28 10 42 | 100 (2630)| 28 

59-7 Fasted, ex- 41 41 18 21 100 (820) | 29 

ercised 

59-10 | Fed o | 1 | 8 | 28 | 100 (670)| 31 


* The specific activity of C-5, which is assigned an arbitrary 
value of 100, is indicated by the figure in parenthesis (c.p.m. per 
mmole of carbon, after dilution with carrier). 

t Obtained by difference, C-(1+2) less C-1. 

¢ Obtained by difference, C-(4+5) less C-5. 





TaBLeE III 
Isotope distribution in liver glycogen-derived glucose of rats given 
glucose-2-C'4 





Relative activity in liver glycogen-derived 




















Experi- glucose carbon atoms* 
ment Animal status 
No. ae ae me? tae 
C-1 C-2 C-3 C-4 C-5 C-6 
wa |__| Hawes 
59-5 Fasted 12 100 (3500) 9 3 15 12 
| 
59-7 | Fasted, ex- 9 100 (1370) 15 3 5 9 
ercised | 
59-10 | Fed 23 | 100 (34,800) | 13 | 3 | 1 | 3 





* The specific activity of C-2, which is assigned an arbitrary 
value of 100, is indicated by the figure in parenthesis (c.p.m. per 
mmole of carbon, after dilution with carrier glucose). 
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enous dilution. The even lower activity in the fasted liver gly- 
cogen is attributable to the experimental technique employed. 
Since the fasted rats were not given a load of a nonisotopic gly- 
cogen precursor along with the radioactive glucose (adminis- 
tered in milligram quantity), very little glycogen was synthe- 
sized during the period of isotope incorporation. 

Distribution of C among the carbons of ascorbic acid and gly- 
cogen-derived glucose is summarized in Tables II and III. For 
purposes of comparison, the carbon atom containing the most C™ 
has been assigned an arbitrary value of 100. For glycogen this 
carbon was C-2, for ascorbic acid, C-5. The C content of the 
other carbon atoms has been compared to C-2 in glycogen and to 
C-5 in ascorbic acid. In the fed rat, the greatest amount of 
C™ redistributed from C-2 into other carbons of glycogen-de- 
rived glucose appeared in C-1 with lesser amounts in C-3 and 
C-5. In the ascorbic acid, the greatest redistribution from C-5 
was into C-6 and to a lesser extent, into C-4 and C-2. In the 
fasted rats, the C™“ pattern in the glycogen did not differ ap- 
preciably although there was detectably less C“ in C-1. The 
ascorbic acid patterns in the fasted rats showed an appreciable 
amount of redistribution of C into C-1 and C-2 as well as the 
carbons indicated for the fed animal. The present experiments 
provide no ready explanation for the altered patterns in the 
fasted rats. However, it is conceivable that a pathway utiliz- 
ing carbon fragments of less than 6 carbons derived from the 
glucose precursor may also contribute to ascorbic acid synthesis. 


DISCUSSION 


Other investigators (2, 3) have cited the C™ distribution 
pattern of urinary ascorbic acid obtained from normal and from 
Chloretone-treated rats administered glucose-1-C™ as evidence 
that the intact carbon chain of glucose is utilized in the conver- 
sion process, and that C-6 of glucose is oxidized to form the 
carboxyl carbon of ascorbic acid. The results of the experi- 
ments described herein, in which ascorbic acid was recovered 
from the livers of rats 3 hours after the administration of glu- 
cose-2-C™ are in accord with the earlier conclusions. When the 
rat is fasted before administration of the isotope, more C™ 
appears in C-1 and C-2 of ascorbic acid than in the correspond- 
ing carbon atoms of liver glycogen suggesting that processes 
which are able to utilize glucose fragments of less than 6 carbon 
atoms are also contributing to ascorbic acid synthesis. 
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SUMMARY 


The synthesis of ascorbic acid in the livers of intact fed and 
fasted rats has been investigated with p-glucose-2-C“ as a 
tracer. The ascorbic acid and glycogen were recovered from 
each liver and degraded chemically to determine the isotope 
distribution within each carbon chain. Ascorbic acid had its 
greatest C™ concentration in C-5 whereas glycogen had its 
greatest C'™ concentration in C-2 in the three experiments de- 
scribed. Fasting resulted in an increased amount of redistribu- 
tion of the C™ in the ascorbic acid. The results are in accord 
with previous observations of other workers indicating that 
C-6 of glucose is oxidized to form the carboxyl carbon of ascorbic 
acid. 
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Galactose 1-phosphate uridyl transferase found in galactose- 
adapted yeast by Kalckar et al. (1), catalyzes the following re- 
action: UDP-glucose + galactose!-1-P — UDP-galactose + glu- 
cose-1-P. A method for partial purification of galactose 
1-phosphate uridy]l transferase from calf liver and application of 
this enzyme to the determination of galactose 1-phosphate have 
been described (2). In the latter work it was indicated that this 
method can be applied for the determination of galactokinase 
activity in a two-step analysis involving an incubation for the 
formation of galactose 1-phosphate from adenosine triphosphate 
and galactose followed by its determination (2-4). As the par- 
tially purified galactose 1-phosphate uridyl transferase from calf 
liver is contaminated by galactokinase, a one-step assay of ga- 
lactokinase activity was not possible. 

This paper deals with the partial purification of galactose 1- 
phosphate uridyl transferase from an Escherichia coli K12 ga- 
lactokinase-less mutant and its application in the measurement 
of galactokinase activity. Some of the properties of the partially 
purified galactose 1-phosphate uridyl transferase are also 
presented. 


METHODS AND MATERIALS 


Chemicals—Glucose-1-P, glucose-6-P, galactose-1-P, and UDP- 
glucose were the products of the Sigma Chemical Company. 
ATP was a product of the Pabst Laboratories. Activated 
Carbon, Nuchar, Grade XXX was purchased from the Indus- 
trial Chemical Sales. UDP-galactose was kindly prepared by 
Dr. E. Maxwell of this Institute (5). Galactose was a product 
of Mann Research Laboratories and was recrystallized twice from 
70% ethanol. DEAE-cellulose was purchased from the Eastman 
Kodak Company. Calcium phosphate gel was prepared accord- 
ing to the method of Keilin and Hartree (6). The dry weight of 
the gel was 21.9 mg per ml. Aluminum Cy gel was prepared 
according to the method of Willstatter and Kraut (6). The dry 
weight of gel was 12.2 mg perml. Glucose-1 ,6-diphosphate was 
kindly supplied by Dr. L. Leloir of the Instituto de Investi- 
gaciones Bioquimicas, Buenos Aires through Dr. V. Ginsburg of 
this institute. 

Enzymes—UDP-galactose-4-epimerase was kindly prepared by 
Dr. E. Maxwell of this institute (5). UDP-glucose dehydro- 
genase was kindly prepared by Dr. N. Kirkman of this institute 
according to the method of Strominger et al. (7). Phosphoglu- 
comutase was prepared according to the method of Najjar (8). 


1The abbreviations used are: galactose-1-P, a-p-galactose 1- 
phosphate; glucose-1-P, a-p-glucose 1-phosphate. 


Glucose 6-phosphate dehydrogenase was prepared from brewers’ 
yeast according to the method of Kornberg and Horecker (9). 
The gel adsorption and acid precipitation steps in this method 
are repeated twice, in order to remove 6-phosphogluconate dehy- 
drogenase and galactose-1-P uridyl transferase.? 

E. coli strain—E. coli K12 strain W3092 which was isolated by 
Morse eé al. (10) and identified as galactokinase-less (3) was 
kindly supplied by Drs. E. and J. Lederberg of Stanford Univer- 
sity. 

Culture of E. coli mutant—A loopful of bacteria from a 24-hour 
culture of HZ. coli K12 W3092 at 37° on a nutrient agar slant 
(Difco) is used to inoculate 50 ml of medium which contains 
10 g of casamino acid (Difco), 5 g of yeast extract (Difco), 3 g of 
K2,HPO,, 1 g of KH2PO,, 5 g of p-galactose, and 1 g of p-glucose 
per liter (11). After incubation at 37° for 8 to 10 hours with 
aeration by rotatory shaking, the entire culture is transferred 
into 1 liter of fresh culture medium of the same composition as 
described above and incubation is continued for 16 hours at 37° 
with rotatory shaking. 

Preparation of Cell-Free Extract—The cells are harvested by 
centrifuging in a Lourdes model AT centrifuge with volume rotor 
at 6,000 x g for 10 minutes and the cells were washed with 200 
ml of cold water. Ordinarily 1 liter of culture yields about 4 to 
5 g of packed cells. For each gram of packed cells 4 ml of po- 
tassium phosphate buffer (pH 7.4, 0.04 m) are added, and the cells 
are disintegrated in a sonic disintegrator (Raytheon 10 kc) for 10 
minutes. 

The broken cell suspension is centrifuged in a Servall model 
SS-1 centrifuge at 20,000 x g for 10 minutes. The supernatant 
solution is used as starting material for purification. The pro- 
tein concentration of this crude extract, determined by the biuret 
method (12), ranges between 23 and 28 mg per ml, unless the 
disintegration of cells is unusually inefficient. 


RESULTS AND DISCUSSION 


Purification of Galactose-1-P Uridyl Transferase—The crude ex- 
tract is adjusted to contain 20 mg per ml of protein and 
100 umoles of potassium phosphate per ml by addition of enough 
water and 0.5 m potassium phosphate buffer (pH 7.4 when diluted 
to 0.05 m). Ordinarily 60 ml of the above solution were worked 
up at one time. 


2 Dr. N. Kirkman of this Institute has developed a method of 
purification of glucose 6-phosphate dehydrogenase from human red 
blood cells, which is free of 6-phosphogluconate dehydrogenase 
and galactose-1-P uridyl transferase (personal communication). 
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The diluted solution is incubated at 37° for 2 hours to enhance 
the breakdown of nucleic acids* (this fraction can be stored at 
—10° for several days without much loss of activity). After 
cooling it is placed in a hot water bath at 65 to 70°, and the 
temperature is brought to 53° rapidly (1.5 to 2 minutes). The 
solution is maintained at 53° for 11 minutes and then chilled in 
an ice bath. After this step, all the procedures are carried out 
at 2°. 

The heat-denatured solution is fractionated by the addition of 
(NH4)2SO, solution (pH 7.0) saturated at 2° which contains 0.006 
m Versene. An active fraction is obtained between 0.45 and 0.67 
saturation of (NH4)SO,. After each addition of (NH,).SO, so- 
lution, the mixture is stirred for 10 minutes in an ice bath before 
centrifugation in a Servall model SS-1 centrifuge at 20,000 x g 
for 5 minutes. After collecting the precipitate between 0.45 and 
0.67 saturation with (NH,)SO,, the supernatant solution is 
drained off completely by inverting the centrifuge tubes for 5 
minutes, because excessive (NH4)2SO, interferes with the effec- 
tiveness of Cas(POx.)2 gel in the following step. The precipitate 
is dissolved in 10 ml of water, and the protein concentration is 
determined by the biuret method (12). 

The solution is adjusted to contain 7.5 mg of protein and 50 
umoles of potassium phosphate per ml by the addition of enough 
waterand potassium phosphate buffer (0.5 m, pH 5.8 when diluted 
to 0.05 m). Then calcium phosphate gel (1 mg dry weight per 
mg protein) is added. After stirring for 10 minutes in an ice 
bath, the gel is removed by centrifugation at 20,000 x g for 5 
minutes. The enzymic activity remains in the supernatant so- 
lution. 

After determining the protein concentration spectrophoto- 
metrically (13), the supernatant solution is treated with Nuchar, 
1 mg per 1 mg of protein, and stirred for 4 minutes with a stirring 
rod. Then another equivalent amount of Nuchar is added and 
stirred for another 4 minutes. The charcoal is removed by cen- 
trifugation at 20,000 x g for 5 minutes. This treatment re- 
moves the residual nucleic acid and the ratio of the absorption 
of the enzyme solution at 280 my to the absorption at 260 mu 
reaches 1.75. Aluminum Cy gel is then added to the supernatant 
solution, 0.8 mg dry weight per mg protein. After stirring for 
10 minutes the gel is removed by centrifugation at 20,000 x g 
for 5 minutes. 

The supernatant solution is refractionated with (NH,).50, and 
the precipitate between 0.5 and 0.6 saturation is collected. The 
precipitate is dissolved in 4 ml of water and dialyzed for 5 hours 
at 2° against 0.005 m potassium phosphate buffer (pH 7.4). 
When this fraction is stored overnight in an ice bath about a 
quarter of the activity is lost. 

The dialyzed fraction is then subjected to DEAE-cellulose 
column chromatography by the method of Sober et al. (14, 15). 
The column (1.1 cm in diameter and 6 cm in height) is prepared 
by pouring 600 mg of DEAE-cellulose suspended in 20 ml of 1 
mM NaCl solution and allowing to pack by gravity. The column 
is washed successively with 100 ml of 1 Mm NaCl, 40 ml of water, 
100 ml of 0.5 m potassium phosphate buffer (pH 7.4), 40 ml of 
water, and 60 ml of 0.005 m potassium phosphate buffer (pH 
7.4). After adding the dialyzed enzyme, the column is washed 
through with 20 ml of 0.005 m potassium phosphate buffer (pH 
7.4) and 60 ml of 0.005 m potassium phosphate buffer (pH 7.4) 


3 Personal communication from Dr. P. Borg at Stanford Uni- 
versity, California. 
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TABLE | 
Purification of galactose-1-P uridyl transferase 
Fractions vate | atta | aR | Sst 
ml mg units* — 
1. Crude extract 54.3 | 1275 347 | 0.27 
2. Incubation at 37° 60.0 | 1200 366 | 0.30 
3. (NH,)2SO,, 0.45 to 0.67 satura-.| 10.6 | 222 301 | 1.4 
tion 
4. Ca;(PO,)2 gel supernatant solu- | 37 144 288 | 2.0 
tion 
5. Nuchar supernatant solution 33 121 248 | 2.1 
6. Aluminum Cy gel supernatant | 33 94 231 | 2.5 
solution 
7. (NH,4)2S0,, 0.5 to 0.6 saturation | 4.4 40 169 | 4.2 
8. DEAE chromatography 
Fraction 3 2.0 2.2 | 44 | 20 
Fraction 4 2.0 1.4; 23] 16 
Fraction 5 2.0 1.0) Tf ial 
Fraction 6 2.0 0.7 8} 11 

















* See the text. 


which contains 0.05 mM NaCl. Then the active enzyme fractions 
are eluted from the column by 0.005 m potassium phosphate 
buffer (pH 7.4) which contains 0.12 m NaCl. Two milliliter 
fractions are collected. Ordinarily the bulk of the enzymic ac- 
tivity is recovered in fractions 3 to7. The most active fractions 
(the 3rd and 4th) are combined and dialyzed for 1 hour against 
0.005 m potassium phosphate buffer (pH 7.4) at 2°. The dia- 
lyzed fraction is then lyophilized after addition of 4 volume of 
reduced glutathione (15 mg per ml) and 4 ml of 0.25 m glycylgly- 
cine buffer (pH 7.4). The amount of enzyme protein in this 
lyophilized powder was determined by the method of Lowry et al. 
(16) after precipitating the enzyme protein by trichloro-acetic 
acid. The lyophilized powder can be stored at —10° in a desic- 
cator for several months. An enzyme solution is prepared by 
dissolving the powder in 1% bovine albumin solution. This so- 
lution can be stored at —10° for 1 week with gradual loss of 
activity. The over-all purification achieved is 60- to 70-fold 
above the crude extract with an over-all yield of 15 to 20%. 
Table I summarizes the results of the purification of galactose- 
1-P uridyl transferase achieved by the above described method. 
All of the following studies of properties of the enzyme were 
carried out with this partially purified preparation. 

The assay of galactose-1-P uridyl transferase was carried out 
by the method described in the following section. One unit of 
activity is defined as that amount of enzyme which causes the 
incorporation of 1 wmole of galactose-1-P into the uridine nucle- 
otide per minute. 

The partially purified galactose-1-P uridyl transferase is free 
of phosphoglucomutase, UDP-glucose pyrophosphorylase, UDP- 
glucose dehydrogenase, and UDP-galactose-4-epimerase. Ga- 
lactokinase is missing in this strain of E. coli. 

Assay of Galactose-1-P Uridyl Transferase—Galactose-1-P 
uridyl transferase activity is measured by TPNH formation in a 
coupled reaction with phosphoglucomutase and glucose-6-P dehy- 
drogenase. The reaction mixture consists of 60 umoles of glycine 
buffer (pH 8.75), 4.8 umoles of cysteine hydrochloride (pH ad- 
justed to 8.5 before use), 5 umoles of MgCl., 0.4 umole of TPN, 
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Fic. 1. Dependence of the reaction on enzyme, galactose-1-P, 
and UDP-glucose. Assay conditions are described in the text ex- 
cept the additions as follows: At Arrow 1, 0.35 umole of galactose- 
1-P, to Experiments A and B, and 0.15 ug of enzyme protein to 
Experiment C. At Arrow 2, 0.15 ug of enzyme protein, 0.25 umole 
of UDP-glucose and 0.35 umole of galactose-1-P to Experiments A, 
B, and C, respectively. 
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Fic. 2. Relation of reaction rate to enzyme concentration. 
The assay conditions are the same as those described in the text ex- 
cept for the amount of enzymes, as indicated. 


0.25 umole of UDP-glucose, 0.35 umole of galactose-1-P, 0.07 
unit‘ of glucose-6-P dehydrogenase, 0.7 unit* of phosphogluco- 
mutase together with 2 X 10-* umole of glucose-1 ,6-diphosphate® 


4One unit of glucose-6-P dehydrogenase is defined as that 
amount of enzyme which causes the reduction of 1 umole of TPN 
per minute under the assay conditions used for galactose-1-P uri- 
dyl transferase except that 0.4 umole of glucose-6-P is used as the 
substrate. One unit of phosphoglucomutase is similarly defined as 
the amount of enzyme which causes the reduction of 1 umole of 
TPN per minute when 0.4 umole of glucose-1-P (free of glucose 
1,6-diphosphate) is used as the substrate. 

5 Some of the phosphoglucomutase preparations contain enough 
glucose 1,6-diphosphate, especially when freshly prepared. How- 
ever, since galactose-1-P was found to be inhibitory for the phos- 
phoglucomutase reaction (17, 18), glucose 1,6-diphosphate and 
phosphoglucomutase are used routinely inexcess. It is also neces- 


sary to avoid prolonged contact of phosphoglucomutase with ga- 
lactose-1-P before starting the galactose-1-P uridyl transferase as- 
say. 





Galactose 1-Phosphate Uridyl Transferase 





Vol. 235, No. 4 


and an appropriate amount of galactose-1-P uridyl transferase. 
The total volume is made up to 0.62 ml. The galactose-1-P 
uridyl transferase fraction for assay is diluted with 1% bovine 
albumin to give an optical density change at 340 mu between 
0.03 and 0.05 per minute under the assay condition. The optical 
density change at 340 my due to the reduction of TPN is meas- 
ured in a Beckman DU spectrophotometer with a pinhole at- 
tachment. 

Fig. 1 shows the dependence of the reaction upon galactose-1-P, 
UDP-glucose, and galactose-1-P uridyl transferase. At the be- 
ginning of the reaction there is always a short lag period, and then 
the reaction proceeds linearly with time when the reaction is 
started by the addition of enzyme or UDP-glucose. Therefore, 
the linear part of the curve is utilized for the calculation of the 
rate of reaction. The small initial rise of optical density after 
addition of galactose-1-P may be due to the contamination of 
galactose-1-P by small amounts of glucose-1-P. 

Fig. 2 shows the relation between the reaction rate and enzyme 
protein concentration. The linear relation persists up to 0.48 
ug of galactose-1-P uridyl transferase protein, then it levels off 
possibly due to the limiting activity of the phosphoglucomutase. 

Fig. 3 shows the relation between the enzyme activity and the 
concentration of UDP-glucose and galactose-1-P. The K» val- 
ues for UDP-glucose and galactose-1-P under the assay condi- 
tions are estimated to be 1.5 x 10-4, and 4.1 x 10-*, respectively, 
from the Lineweaver and Burk (19) plot on the right half of the 
figure. The assay conditions are the same as described above 
except for the galactose-1-P and UDP-glucose concentrations 
indicated. For the determination of the K, values for UDP- 
glucose and for galactose-1-P, 0.4 umole of galactose-1-P and 
0.4 umole of UDP-glucose are present in 0.62 ml of reaction mix- 
ture, respectively. 

Alternative Method of Enzyme Assay—For the purpose of 
studying some of the properties of this enzyme it is necessary to 
modify the assay method described in the previous section. One 
of the methods utilized involves incubation of galactose-1-P 
uridyl transferase with UDP-glucose and galactose-1-P and anal- 
ysis for glucose-1-P formed during the incubation period by a 
coupled reaction with phosphoglucomutase and glucose-6-P dehy- 
drogenase. 
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Fig. 3. Effect of substrate concentration on enzyme activity. 
Assay conditions are described in the text. Enzyme protein (0.30 
ug) was used. 
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The incubation mixture consists of 20 umoles of glycine buffer 
(pH 8.75), 2 umoles of MgCl, 1.6 umoles of cysteine HCl (pH 
adjusted to 8.5 before use), 0.13 umole of UDP-glucose, 0.21 
umole of galactose-1-P, and an appropriate amount of galactose- 
1-P uridyl transferase (0.004 to 0.006 unit under the standard 
assay condition described in the previous section). The total 
volume is made up to 0.20 ml. After incubation at 30°, the 
reaction is stopped by immersing the tube in a boiling water bath 
for 1.5 minutes. After centrifugation, 100 ul aliquots are ana- 
lyzed for glucose-1-P by phosphoglucomutase and glucose-6-P 
dehydrogenase in a reaction mixture which is essentially similar 
to the one described in the previous section except for the omis- 
sion of UDP-glucose, galactose-1-P, and galactose-1-P uridyl 
transferase. The amount of glucose-1-P formed during the in- 
cubation is corrected by the amount in the blank, found in a 
reaction which was stopped at zero time. 

Fig. 4 shows the amount of glucose-1-P formed plotted against 
the time of preincubation. The reaction proceeds linearly up to 
8 minutes. The results of a study of the stoichiometry of the 
reaction in an experiment similar to that of Fig. 4 are presented 
in Table II. The amount of UDP-glucose remaining at the end 
of the reaction is determined by UDP-glucose dehydrogenase (7). 
The amount of galactose-1-P remaining is determined by the 
standard method, using galactose-1-P uridyl transferase in the 
presence of excess UDP-glucose and TPN. The amount of 
UDP-galactose formed is determined by a coupled reaction of 
UDP-galactose-4-epimerase and UDP-glucose dehydrogenase (5). 
The equilibrium constant 


= ([UDP-galactose][Glucose-1-P] 
ml [UDP-glucose][Galactose-1-P] 





was calculated from the data in Table II to be 1.1. 

By the use of this modified method studies of some of the 
properties of galactose-1-P uridyl transferase were made. Table 
III summarizes the effect of magnesium ions, cysteine, and so- 
dium fluoride. It is observed that the enzyme shows an absolute 
requirement of cysteine. Mg** ions are rather inhibitory. NaF 
shows a slight inhibition. 

Fig 5 shows the relation between pH and the rate of the reac- 
tion. The pH values shown are the final pH values of the re- 
action mixture determined by a Beckman pH meter with a one- 
drop electrode. The pH of the reaction mixture was adjusted 
with 20 umoles of glycine buffer between pH 7 and 10. Galac- 
tose-1-P uridyl transferase has a pH optimum between 8.5 and 
8.9. 

K,, of Galactose-1-P Uridyl Transferase for UDP-Galactose and 
Glucose-1-P—The K,, values for UDP-galactose and glucose-1-P 
are estimated by determining the rate of formation of UDP-glu- 
cose in an incubation mixture of UDP-galactose, glucose-1-P, and 
galactose-1-P uridyl transferase by UDP-glucose dehydrogenase 
in the presence of DPN. This method is only applicable for 
the determination of galactose-1-P uridy! transferase activity 
when it is completely free of UDP-galactose-4-epimerase. 

The reaction mixture consists of 10 wmoles of glycine buffer 
(pH 8.75), 0.044 umole of UDP-galactose, 0.1 umole of glucose- 
1-P, 1 umole of MgCl, 0.8 umole of cysteine hydrochloride (pH 
adjusted to 8.5), and 0.003 to 0.006 unit of galactose-1-P uridyl 
transferase. The total volume is made up to 0.10 ml. The re- 


action is started by the addition of galactose-1-P uridyl trans- 
After 4 minutes incubation at 30°, the reaction is stopped 


ferase. 
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Fic. 4. Glucose-1-P formation during the incubation of enzyme 
with UDP-glucose and galectose-1-P. Assay conditions are de- 


TaBLe II 


Enzyme protein (0.30 ug) was used. 


Stoichiometry of reaction 


The assay conditions are described in the text. 
tein (0.04 ug) was used. 
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Time Glucose-1-P | UDP-glucose | Galactose-1-P | UDP-galactose 
umole umole umole pmole 
0 0.003 0.101 0.189 0 
90 min 0.076 0.036 0.126 0.066 
A +0.073 —0.065 —0.063 +0.066 
TaBLeE III 


Effect of cysteine, MgClz, and NaF on enzyme activity 


Assay conditions are as described in the text except for the ad- 
ditions indicated. Enzyme protein (0.22 ug) was used. 











Addition 
Glucose-1-P formed 
per 5 min 
Cysteine MgCle NaF 
mM mM mM mumole 

0 
10 0 
1.6 10 6 
4.0 10 16 
8.0 10 14 

16.0 10 ae 
8.0 25 
8.0 2.5 20 
8.0 5.0 19 
8.0 10 17 
8.0 20 14 
8.0 10 5 18 
8.0 10 12.5 13 
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Fig. 5. Effect of pH on the enzyme reaction. The conditions 
are described in the text. Enzyme protein (0.15 ug) was used. 
Incubated for 5 minutes at 30°. 
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Fic. 6. Effect of substrate concentration on enzyme activity 
Assay conditions are described in the text. Enzyme protein (0.20 
ug) was used. Incubated for 4 minutes at 30°. 


by immersing the tube in a boiling water bath for 1.5 minutes. 
After centrifugation, 75 ul of the supernatant solution are trans- 
ferred into a reaction mixture which consists of 60 umoles of 
glycine (pH 8.75), 0.4 umole of DPN and 0.003 unit® of UDP- 
glucose dehydrogenase. The total volume is made up to 0.62 
ml. The optical density increase due to the reduction of DPN 
at 340 my is followed in a Beckman DU spectrophotometer 
with a pinhole attachment. It should be recalled here that in 
this reaction one equivalent of UDP-glucose reduces two equiv- 
alents of DPN (7). The reaction is found to proceed linearly up 
to 8 minutes of incubation. 

Fig. 6 shows the relationship between the enzyme activity and 
the concentration of UDP-galactose and glucose-1-P. The Kn 
values for UDP-galactose and glucose-1-P are estimated to be 
2.5 x 10-4 and 2.4 x 10-, respectively, according to the Line- 
weaver and Burk (19) plot on the right half of the figure. For 
the determination of the K,, values for UDP-galactose and glu- 
cose-1-P, 0.1 umole of glucose-1-P and 0.066 umole of UDP- 
galactose are present in the 0.1 ml reaction mixture, respectively. 

6 One unit of enzyme is defined as that amount of enzyme which 


oxidizes 1 ymole of UDP-glucose per minute under the assay con- 
ditions. 
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Application of Galactose-1-P Uridyl Transferase for Determina- 
tion of Galactokinase Activity—Since galactose-1-P uridyl trans- 
ferase purified from E. coli K12 strain W3092 is free of galacto- 
kinase, it can be applied for the determination of galactokinase 
activity in a coupled reaction with phosphoglucomutase and 
glucose-6-P dehydrogenase. The reaction mixture consists of 
30 wmoles of potassium phosphate buffer (pH 7.4), 4.8 umoles 
of cysteine hydrochloride (pH adjusted to 7.4), 10 uwmoles of 
MgCh, 0.4 umole of TPN, 0.3 umole of UDP-glucose, 1 umole 
of galactose, 1 umole of ATP, 0.07 unit’ of glucose-6-P dehy- 
drogenase, 0.2 unit’? of phosphoglucomutase together with 1 x 
10-* umole of glucose 1 ,6-diphosphate, 0.1 unit’ of galactose-1-P 
uridyl transferase, and an appropriate amount of a dialyzed 
galactokinase fraction. The total volume is made up to 0.62 
ml with water. The reaction is started by the addition of the 
galactokinase fraction. The optical density change at 340 mu 
due to the reduction of TPN, is followed in the Beckman DU 
spectrophotometer. The galactokinase fraction used in this 
study is a dialyzed crude extract of HZ. coli K12 strain W3096 
(10) (galactose-1-P uridyl transferase-less (3)) which was kindly 
supplied by Drs. E. and J. Lederberg of Stanford University. 

The cells are cultured under conditions similar to those de- 
scribed earlier for E. coli W3092 for the preparation of galactose- 
1-P uridyl transferase. Two grams of harvested cells are dis- 
integrated at 0° in a mechanical disintegrator described by Nossal 
(20) with 8 ml of potassium phosphate buffer (pH 7.4, 0.04 m) 
and 8 g of glass beads (Minnesota Mining Company Superbrite 
glass beads type No. 150, 75 uw in diameter). The disintegrated 
cells are centrifuged at 17,000 x g for 10 minutes. The cell-free 
extract is dialyzed against 6 liters of potassium phosphate buffer 
(pH 7.4, 0.005 m) for 3 hours. The protein concentration of 
this extract is 28 mg per ml. 

Fig. 7 shows the dependence of the reaction on galactose, ATP, 
galactokinase, and UDP-glucose. It is observed there is a lag 
period at the beginning of the reaction. The rate of the galacto- 
kinase reaction is measured at the linear portion of the curve. 
The rate of reaction in Experiment C in which 5 ul of EF. coli 
extract was used is greater than the rate in Experiment D in 
which 7 ul of F. coli extract was used because of the accumulation 
of galactose-1-P in the former before the addition of UDP-glu- 
cose. Fig. 8 shows the relationship between the rate of reaction 
and galactokinase concentration. 


SUMMARY 


A method of purification of galactose 1-phosphate uridy] trans- 
ferase from an Escherichia coli galactokinase-less mutant was 
described. An overall purification of 60- to 70-fold above the 
crude extract was achieved. 

With the use of the partially purified enzyme preparation, 
some of its properties were studied. K,, values for uridine di- 
phosphoglucose, galactose 1-phosphate, uridine diphosphogalac- 
tose, and glucose 1-phosphate were estimated to be 1.5 x 10, 
4.1 xX 10-*, 2.5 x 10-, and 2.4 x 10-4, respectively. In the 
direction of uridine diphosphogalactose formation the equilib- 


7 One unit of enzyme activity here is defined as that amount of 
enzyme which causes the reduction of 1 umole of TPN per minute 
under the assay conditions for galactokinases except that 0.4 umole 
of glucose-6-P, 0.4 umole of glucose-1-P, and 0.35 umole of galac- 
tose-1-P plus 0.25 umole of UDP-glucose are used as substrates for 
the determination of glucose-6-P dehydrogenase, phosphogluco- 
mutase, and galactose-1-P uridyl transferase, respectively. 
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Fic. 7. Dependence of galactokinase assay on galactose, ATP, 
galactokinase, and UDP-glucose. The reaction mixture of Ex- 
periment A consisted of 30 umoles of potassium phosphate buffer 
(pH 7.4), 10 umoles of MgCl, 0.4 umole of TPN, 0.3 umole of UDP- 
glucose, 1 umole of galactose, 1 umole of ATP, 4.8 umoles of cys- 
teine HCl (pH adjusted to 7.4), 0.07 unit of glucose-6-P dehydro- 
genase, 0.2 unit of phosphoglucomutase together with 1 x 107° 
umole of glucose 1,6-diphosphate, 0.1 unit of galactose-1-P uridy] 
transferase, and water to make up the total volume to 0.60 ml. At 
Arrow 8, 20 ul of E. coli extract (galactokinase) were added. The 
eaction mixture of Experiment B consisted of the same compo- 
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Fic. 8. Relation of reaction rate to galactokinase concentra- 
tion. The assay conditions are as described in the text except for 
the amount of enzyme (E. coli extract) as indicated. 


rium constant of the reaction is 1.1. The enzyme has a pH op- 
timum between 8.5 and 8.9. The enzyme requires cysteine for 
activity. 

The use of this partially purified enzyme for the determination 
of galactokinase activity was also described. 


nents as Experiment A except for the omission of galactose. At 
Arrow 1, 10 ul of EZ. coli extract were added. At Arrow 8, 1 umole 
of galactose was added. The reaction mixture of Experiment C 
consisted of the same components as Experiment A except for the 
omission of UDP-glucose. At Arrow 2, 5 ul of E. coli extract 
were added. At Arrow 3, 0.3 umole of UDP-glucose was added. 
The reaction mixture of Experiment D consisted of the same com- 
ponents as Experiment A except for the omission of ATP. At 
Arrow 1,7 wl of EZ. coli extract were added. At Arrow 8, 1 umole 
of ATP was added. 
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A rat liver enzyme, capable of synthesizing linear dextrins from 
maltose, was discovered in this laboratory (1). Later, a similar 
enzyme was identified and highly purified from bovine plasma by 
Miller and Copeland (2, 3). The mechanism of rat liver trans- 
glycosylase has recently been studied by Stetten (4). Trans- 
ferases which are capable of oligosaccharide synthesis from di- 
saccharides have been reported in molds (5) and in Escherichia 
coli (6). The E. coli and liver enzyme resemble each other in 
giving the same linear dextrins when acting on maltose whereas 
enzymes from molds generally give branched chain oligosaccha- 
rides (panose, isomaltose, isomaltotriose). 

Among plants transfructosidation has been reported exten- 
sively (5). Reports on transglucosidation resulting in the syn- 
thesis of oligosaccharides from disaccharides are lacking. Only 
Duncan et al. (7) have briefly reported the presence of an enzyme 
in sea weeds which synthesizes malto-oligosaccharides from 
maltose. 

In this paper we describe the presence of an enzyme in green 
gram similar to the transglucosidase of rat liver. The enzyme 
is absent in the resting seeds and develops only during their 
germination. 


EXPERIMENTAL 


Substrates—Maltose was obtained from Nutritional Biochem- 
icals Corporation. This preparation contained small amounts of 
glucose and traces of maltotriose. For the isolation of oligo- 
saccharides it was purified by adsorption on acid-washed charcoal 
column (British Drug Houses, Ltd.-activated charcoal) and elu- 
tion with 7.5% aqueous ethanol. The resulting sugar solution 
was free of maltotriose. 

Crystalline glucose 1-phosphate was kindly prepared for us by 
Dr. T. Ramasarma of this laboratory according to Hanes (8). 
Maltotriose and maltotetraose were prepared by the partial hy- 
drolysis of amylose and were separated on a charcoal column as 
described by Whelan et al. (9). Crystalline samples of malto- 
triose and maltotetraose were a gift from Professor 8. Peat of the 
University College of North Wales at Bangor, England. A mix- 
ture of isomaltose, panose and isomaltotriose was prepared ac- 
cording to Giri et al. (10). Green gram phosphorylase was pre- 
pared according to the procedure of Sri Ram and Giri (11). 

Analytical Methods—Circular paper chromatography as de- 
scribed by Giri and Nigam (12) was used in the present investiga- 


* Present address, Cancer Research and Cancer Control Unit, 
Tufts University School of Medicine, and the Department of Can- 
cer Research, New England Center Hospital, Boston, Massa- 
chusetts. 

+t Deceased July 17, 1958. 


tion. The solvents for the separation of sugars were butanol- 
acetone-water (7:2:1), butanol-acetic acid-water (4:1:5) and 
butanol-pyridine-water (6:4:3). The general reagent, aniline 
diphenylamine phosphate (12) was used for spraying the chro- 
matograms and for locating the sugar bands. Estimation of the 
sugars was carried out by eluting sugars from the paper strips 
cut out from a well developed chromatogram at the expected 
positions and by subsequently determining reducing power with 
Nelson’s arsenomolybdate colorimetric reagent (13). Reference 
curves were prepared for glucose, maltose, maltotriose, and mal- 
totetraose under the same conditions, with known amounts of 
the sugars. Filter paper strips of equal areas lacking sugar pro- 
vided the controls. 


RESULTS 


Preparation of Green Gram Transglucosidase—Green gram 
seeds were obtained locally and were allowed to germinate in 
porcelain troughs under a thin layer of water. The seeds ger- 
minated during a period of 24 hours but were allowed to grow 
till the seedlings reached a length of 2 to 3 inches. The whole 
plants were then ground with cold distilled water and sterile sand 
in a mortar. The suspension was centrifuged and the super- 
natant fluid was dialyzed against distilled water at 0-5°.. After 
24 hours of dialysis the enzyme solution was centrifuged and the 
supernatant solution was fractionated with ethanol. To the 
extract (100 ml) at 0° was slowly added an equal volume of etha- 
nol at —5° with constant stirring. The precipitate obtained was 
centrifuged out at 0° and to the supernatant fluid more cold 
ethanol was added to bring its concentration to 80%. The pre- 
cipitated protein was collected, washed with chilled acetone, and 
dried over P.O; at 0°. It was obtained as a dull white powder, 
soluble in water, and was used for the time course study of the 
green gram transglucosidase. 

Isolation of Oligosaccharides Formed by Action of Green Gram 
Transglucosidase on Maltose—Twenty grams of 4-day-old green 
gram seedlings were ground with 50 ml of cold distilled water. 
The suspension was centrifuged, dialyzed for 24 hours in the 
cold, and used as an enzyme source for the formation of oligo- 
saccharides. A solution of purified maltose containing 10 g of 
the sugar in 25 ml of 0.01 m phosphate buffer, pH 6.8, was incu- 
bated at room temperature with 25 ml of the dialyzed enzyme 
solution for 4 days under a layer of toluene. After the incuba- 
tion the digest was heated in a water bath for 3 minutes to in- 
activate the enzyme and precipitate part of the protein. The 
solution was centrifuged and the clear supernatant was intro- 
duced at the top of a charcoal Celite column (4.8 X 54cm). The 
charcoal column was then developed with various concentrations 
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TABLE I 
Ry values of maltotriose and maltotetraose 
The solvent systems and periods of chromatography were 1. 
butanol-pyridine-water (6:4:3), 8 hours; 2. butanol-acetone-water 


(2:7:1), 6 hours; and 3. butanol-acetic acid-water (4:1:5, upper 
layer). 








Solvent | Maltotriose |Otigosaccharide ‘ee: traose Ctigoanee haride 
5 0.29 0.30 | 0.21 0.21 
0.25 | 0.2% | 0.15 0.15 
| 0.17 | 0.16 | 0.10 0.10 
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GLUCOSE UNITS PER MOLECULE 


Fic. 1. A plot of log Rr/(l — Rr) X 10 against hexose units 
per molecule. Solvent for determining Rr values was butanol- 
pyridine-water (6:4:3). 





of aqueous ethanol as described by Whelan et al. (9) for the sep- 
aration of maltodextrins. The water and 7.5% ethanol eluates 
containing glucose and maltose were rejected. After the com- 
plete removal of maltose was assured (as observed by paper 
chromatography) the ethanol concentration was raised to 15% 
to elute the trisaccharide (I) followed later after its complete 
elution by 20% ethanol to elute the tetrasaccharide (II). The 
solutions containing I and II were concentrated separately under 
reduced pressure. The syrups were extracted with methanol 
and the methanol solution on concentration to dryness under 
reduced pressure left I (190 mg) and II (85 mg) in light yellow 
flakes. 

A control experiment was carried out by incubation of a sim- 
ilar dialyzed extract of 4-day-old green gram seedlings with dis- 
tilled water replacing maltose solution. Chromatography at zero 
time and after 96 hours of incubation under a layer of toluene 
did not reveal any sugar-reacting spots on the chromatogram 
after spraying with aniline diphenylamine phosphate. Hence the 
isolated oligosaccharides were neither present in the initial en- 
zyme extract nor formed in the absence of maltose, from endog- 
enous substrate present in the enzyme extract. Also no change 
in the formation of the oligosaccharides took place when phos- 
phate buffer was replaced by water solution of maltose. The 
formation of the oligosaccharides can therefore be regarded as 
nonphosphorolytic. 

Identification of Oligosaccharides I and II—Both I and II on 
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complete hydrolysis with acid gave glucose as the only product, 
which was identified by paper chromatography in butanol-ace- 
tone-water and in butanol-pyridine-water systems. I (10 mg) 
on partial hydrolysis with 0.1 N sulfuric acid for 1 hour and sub- 
sequent neutralization with BaCO; gave 3 bands corresponding 
to glucose, maltose, and maltotriose when subjected to paper 
chromatography. On similar treatment II (10 mg) gave 4 
bands which moved the same distance as covered by glucose, 
maltose, maltotriose, and maltotetraose. The absence of any 
band corresponding to isomaltose was indicative of the absence 
of 1-6 linkage in the oligosaccharides. The Ry values for the 
oligosaccharides I and II in three solvents were the same as ob- 
tained for maltotriose and maltotetraose (Table I). A plot of 
log (1/Rr — 1) against the number of hexose units per molecule 
shows that glucose, maltose, oligosaccharides I and II give a 
straight line (Fig. 1). A similar straight line would be obtained 
if I and II are substituted by maltotriose and maltotetraose. 

The color reaction of I and II on paper after spraying with 
aniline diphenylamine phosphate was blue and matched exactly 
with that given by maltose, maltotriose, and its homologues and 
distinctly different from isomaltose or isomaltotriose which give 
brown-colored bands. Molecular weight determination with the 
hypoiodite method of Hirst et al. (14) showed that oligosaccha- 
rides I and II had chain lengths of 3 and 4 glucose units. 

Additional data for the support of I as maltotriose and II as 
maltotetraose is given by their rotation and the rotation of their 
acetates. I gave [a]? +161° (c = 4.5 in HO) maltotriose 
[a], +160° (15). II gave [a]? +176.4° (c = 2.3 in HO) mal- 
totetraose [a], +165.5° (15). 

Preparation of Acetates—Fifty milligrams of each of the oligo- 
saccharides were suspended in 1 ml of acetic anhydride and 1 ml 
of pyridine. The mixture was left at room temperature for 48 
hours during which time the sugars went completely in solution. 
The solution was then added to 50 ml of ice-cold water. Twenty- 
four hours later, the precipitate was collected, washed with an 
excess of cold water and 25% cold ethanol, and then dried over 
P.O;. The yield for oligosaccharide I acetate was 70 mg and 
for oligosaccharide II acetate 78 mg. Efforts at crystallization 
with 50% ethanol were not successful. The optical rotation for 
oligosaccharide I acetate was [a] +104.8° (acetyl content = 
49.1%) and for maltotriose acetate is [a], +106.8 (acetyl con- 
tent = 49.0%) (6). The optical rotation for oligosaccharide II 
acetate was [a]? +127.2° (acetyl content = 47.7%); and for 
maltotetraose acetate is [a], +127.7° (acetyl content = 48.0%) 
(6). 

Priming Capacity of Isolated Oligosaccharides—Further evi- 
dence that I and II belong to a maltosaccharide series was fur- 
nished by their ability to act as primers in amylose synthesis. 
The technique used for demonstrating this action was the same 
as that described by French and Wild (16). Thus the enzyme 
(20 mg) was incubated with 1 ml of (0.28 m) maltose solution for 
3 days under a layer of toluene and the digest after enzyme in- 
activation by heat was chromatographed. A sector from the 
developed area was cut out and sprayed with thrice precipitated 
green gram phosphorylase (2 ml) and a 0.4% solution of glucose 
1-phosphate (2 ml). The paper was incubated in a moist at- 
mosphere for 6 minutes, then dried and sprayed with dilute io- 
dine solution. Two blue bands formed because of the reaction 
between iodine and amylose (formed enzymatically) were ob- 
tained which corresponds in position to oligosaccharides I and 
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I! located by spraying an adjacent sector with aniline diphenyl- 
ainine phosphate. 

Time Course of Transglucosidase Reaction—Twenty milligrams 
oi the enzyme powder were weighed accurately into clean test 
tubes. The reaction was started by the addition of 1 ml of a 
buffered solution of 20% maltose in 0.02 m phosphate buffer, pH 
6.8. The tubes were shaken to dissolve the enzyme and incu- 
bated at 37° under a layer of toluene. The reaction in each tube 
was stopped at a different interval of time by heating the tube 





Fic. 2. Circular paper chromatogram showing the formation 
of oligosaccharides from maltose by green gram transglucosidase 
at different intervals of time. Solvent: butanol-acetone-water 
(2:7:1). Multiple development was done (12). The composition 
of the reaction digest was the same as described in the text. G, 
glucose; M, maltose; I, maltotriose; II, maltotetraose. 
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Fic. 3. Time course of glucose, maltotriose, and maltotetraose 
formation from maltose by green gram transglucosidase. I, 
oligosaccharide I (maltotriose);-II, oligosaccharide II (malto- 
tetraose). 
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in a boiling water bath for 3 minutes. The digest was centri- 
fuged and the supernatant fluid was analyzed chromatograph- 
ically. Control digests which were boiled just after the addition 
of the maltose solution to the enzyme showed no oligosaccharide 
formation. A typical chromatogram showing the synthesis of 
oligosaccharides at different intervals of time is shown in Fig. 2. 
It is observed that the enzyme forms of trisaccharides in a period 
of 12 hours followed by the appearance of a tetrasaccharide at 
later intervals. This would suggest that the trisaccharide is the 
acceptor of an additional glucose residue which results in the 
formation of the tetrasaccharide. No oligosaccharide larger 
than the tetrasaccharide was observed even after long periods of 
incubation (6 days). Also complete disappearance of maltose 
did not take place. Fig. 3 shows the progress of maltose hy- 
drolysis to glucose and the subsequent formation of maltotriose 
and maltotetraose. 


DISCUSSION 


Although transglucosidases have been encountered extensively 
in molds and bacteria instances of their occurrence in the plants 
are rare. Perhaps, it is because the seeds elaborate this enzyme 
only at a certain stage of development. This view is supported 
by our observation that the seeds were totally inactive and the 
maximum transglucosidase activity occurred during the early 
period of germination. The enzyme was purified by fractional 
precipitation with ethanol; it converted maltose to glucose, mal- 
totriose, and maltotetraose. The last two sugars were isolated 
from a large scale digest by charcoal column chromatography 
and identified as maltotriose and maltotetraose by migration on 
paper, total and partial acid hydrolysis, optical rotation, hy- 
poiodite oxidation, and by the preparation of acetyl derivatives. 
Both sugars also gave positive tests when examined for their 
priming activity in enzymic amylose synthesis. 

The time activity relationship shows that synthesis occurs 
concurrently with the hydrolysis of the substrate. Also malto- 
triose is formed earlier than maltotetraose. The mechanism for 
transglucosidase of green gram can be explained by an interpre- 
tation similar to that suggested for other transglucosidases (5). 
Thus a glucose moiety from maltose would be transferred to 
maltose molecule resulting in the formation of maltotriose. The 
maltotriose formed in turn accepts another glucose moiety, prob- 
ably from maltose to synthesize maltotetraose. It is interesting 
to note that both rat liver and green gram transglucosidases 
bring about the synthesis of straight chain oligosaccharides with 
1:4 glucosidic linkages whereas the mold transglucosidases form 
oligosaccharides with 1:6 linkages. 


SUMMARY 


Green gram seedlings are found to contain an enzyme capable 
of oligosaccharide synthesis from maltose. The two higher sac- 
charides formed were isolated and characterized as maltotriose 
and maltotetraose by a number of methods. The green gram 
transglucosidase was purified by fractional precipitation with 
ethanol and the time activity relationship was determined. 
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With the finding that xylitol is an intermediate in the glucu- 
ronate-xylulose pathway (2, 3), experiments were undertaken 
to determine whether this pentitol occurs in human urine. In- 
stead of xylitol, the analyses led to the isolation of L-arabitol 
from pentosuric urine as well as pt-arabitol from normal urine 
(4). During the fractionation of urinary polyols on Dowex 
1-borate columns, eluates were also found to contain a substance 
with the paper chromatographic behavior of a tetritol. 
tion of these fractions yielded crystalline erythritol. 

This paper describes the procedures used in the isolation and 
identification of erythritol from the urine of two normal fasting 
men. 


Purifica- 


EXPERIMENTAL 


Materials—Erythritol was obtained from the Mann Research 
Laboratories, Inc. u-Threitol was generously contributed by 
Dr. N. K. Richtmyer, National Institute of Arthritis and Meta- 
bolic Diseases. 

Methods—All urine samples of the two adult male subjects 
were preserved with toluene and were refrigerated until used. 
They were analyzed within a few days of collection. The separa- 
tion of polyols was made by the method of Khym and Zill (5), 
with 0.08 m H3BO;-0.004 m Na2B,O; serving to elute the eryth- 
ritol from the Dowex 1-borate columns. Filtrates from the 
columns were analyzed as follows: for ketopentoses, the Dische- 
Borenfreund cysteine-carbazole reaction (6); for substances con- 
taining a-glycol groups, the titrimetric periodate procedure of 
Voris et al. (7) and the colorimetric periodate procedure of Bailey 
(8). For analysis of eluates by paper chromatography, sodium 
ions were removed by treatment with Amberlite IR-120 (H*), 
and, after addition of methanol, the boric acid was distilled off 
as methyl borate (5). Separations on paper chromatograms 
were effected in benzene-n-buty] alcohol-pyridine-water (1:5:3:3, 
upper layer), ethyl acetate-pyridine-water (2:1:2, upper layer), 
and 80% n-propyl alcohol. Polyols were detected with perio- 
date-benzidine dip reagents (9). Most chromatograms were run 
in descending solvent, and when ascending development was 
used, the Ry values of polyols agreed with those reported pre- 
viously (4). 


* Supported in part by a research grant from the National Sci- 
ence Foundation. A preliminary account was presented at the 
Federation of American Societies for Experimental Biology, At- 
lantie City, April, 1959 (1). 

t Fellow of the John Simon Guggenheim Foundation (1957-8), 
and Investigator of the Howard Hughes Medical Institute. 

t Postdoctorate Fellow of the United States Public Health 
Service (1958-9). 


In a control experiment, 20 mg of erythritol in 20 ml of 0.01 m 
Na2B,O; was chromatographed on a 11,6 X 2.5 em column of 
Dowex 1-borate. The polyol was eluted, in 90 to 95% yield, 
in 280 to 380 ml of 0.08 m H3BO;-0.004 m Na2B,O;. 


RESULTS 


Summary of Isolation Experiments—Evidence for the presence 
of erythritol in urine has been obtained in 4 experiments. One 
preliminary run on each of the two subjects yielded fractions 
containing a tetritol, as indicated by paper chromatographic 
analysis of eluates from the Dowex columns. Although threitol 
and erythritol have similar Ry values, the urinary substance 
usually was closer tothe latter. An additional experiment on the 
urine of each subject during fasting was carried through to the 
isolation of crystalline erythritol. 

Isolation of Crystalline Erythritol from Urine of J. N.C. during 
Fasting—Urine, 450 ml, was deionized by passage through a 2.5- 
em diameter column containing both Amberlite IR-120 (H+), 
25-cm height, and Duolite A-4 (CO37), 57-cm height, the column 
then being washed with 500 ml of water. The combined filtrates 
were evaporated in a vacuum (<50°) to a 5-ml volume. After 
addition of an equal volume of 0.02 m Na2B,O;, the sample was 
chromatographed on Dowex 1-borate as indicated in Fig. 1. The 
eluates between 220 ml and 320 ml were pooled, freed of eluting 
agent, concentrated to dryness, and analyzed by paper chroma- 
tography. The polyol present in largest amount had the same 
mobility as erythritol in the solvents given under “Methods.” 
Since other periodate-positive substances, including ketoses, were 
present, further purification was effected by preparative chroma- 
tography on Whatman 3MM paper, with ethyl acetate-pyridine- 
water (2:1:2, upper layer) as developer. After elution of the 
tetritol with water, the extract was passed through 1-ml columns 
of Amberlite IR-120 (H*) and Duolite A-4 (CO;7) and evap- 
orated to dryness. The dry weight was 19 mg, approximately 
the amount of tetritol indicated by paper chromatographic assay. 
After several months in a freezer, crystallization occurred. Trit- 
uration with 0.3 ml of cold absolute ethanol gave 5.4 mg of white 
crystals, m.p. 110-111°. Threitol melts at 88° (10). Mixture 
with authentic erythritol gave a melting point intermediate be- 
tween those of the urinary and authentic preparations. The 
isolated material was recrystallized from absolute ethanol-ether 
and then from absolute ethanol. Melting points (uncorr.) taken 
simultaneously on a Kofler hot stage were: urinary tetritol, 116- 
117°; erythritol, 116.5-117.5°; mixture, 116.5-117°. Dr. H. M. 
Powell found that the x-ray diffraction pattern of the isolated 
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Fic. 1. Fractionation of normal urine (450 ml) on a Dowex 


1-borate column (1.1 X 17cm). The eluent was 600 ml of 0.004 m 
Na2B,O;-0.08 m H;BOs, 100 ml of 0.005 m Na2B,O;, 100 ml of 0.01 m 
Na2B,O;, 300 ml of 0.02 m Na2B,O;, and then 300 ml of 0.04 m 
Na2B,O;. Every third 10-ml fraction was analyzed initially, addi- 
tional fractions then being analyzed as necessary. A, periodate 
reactivity, calculated as pentitol, @, cysteine-carbazole reactiv- 
ity, xylulose as standard. 


substance was identical in all respects with that of authentic 
erythritol. 

Isolation of Crystalline Erythritol from Urine of W. M. T. during 
Fasting—Urine, 450 ml, was fractionated by the above procedure, 
the 335 to 470-ml eluates from the Dowex 1-borate column being 
pooled. Paper chromatographic examination of this pool indi- 
cated that a pentitol was present in addition to the tetritol. 
From the preparative chromatogram, run in benzene-n-butyl 
alcohol-pyridine-water (1:5:3:3, upper layer), there were eluted 
several milligrams of oil which yielded, from 0.15 ml of methanol, 
3.7 mg of pure, crystalline erythritol as shown by melting point 
and mixed melting point determinations. 


DISCUSSION 


No mammalian tissue or fluid has previously been reported 
to contain erythritol. However, the polyol has been isolated 
from grasses (11), lichens (12-15), algae (16, 17), residue from 
fermented molasses (18), and fungi of the genus, Penicillium 
(19-21). The use of urine from fasting subjects minimizes the 
possibility that the erythritol is of dietary origin. Neither p- 
nor L-threitol are natural products (10). 

The biosynthesis of erythritol is not difficult to envisage in view 
of reported biochemical roles of tetroses, the most likely pre- 
cursors of the polyol. Perhaps the most significant fact is that 
p-erythrose-4-phosphate is an intermediate in the pentose phos- 
phate pathway (22). In addition, Uehara et al. (23, 24) have 
presented evidence that minced muscle can convert dihydroxy- 
fumaric acid into p-erythrose and p-erythrulose. Charalampous 
(25) has described a liver enzyme that catalyzes an aldol con- 
densation between formaldehyde and dihydroxyacetone phos- 
phate to yield erythrulose-l-phosphate. Also of possible rele- 
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vance is the conversion of hydroxypyruvic acid to L-erythrulose 
by yeast extracts (26). 

Erythritol might arise from the reduction of erythrulose or 
erythrose, or from the hydrolysis of an erythritol phosphate, 
Many microbial enzymes catalyze the interconversion of L- 
erythrulose and erythritol (27), but the tetritol acted upon by 
known polyol dehydrogenases of mammalian liver is L-threitol 
(28, 29). We have examined liver extracts for the presence of 
an erythritol dehydrogenase. Some time ago we obtained good 
evidence for such an enzyme, linked specifically to diphospho- 
pyridine nucleotide, in rat liver extracts (1). A purification 
procedure involving acidification, neutralization, and then treat- 
ment with alcohol-ether, a purification procedure that is effective 
with the Blakley polyol dehydrogenase (30), led to almost com- 
plete loss of erythritol reactivity. Unfortunately, we have been 
unable to obtain very active extracts in recent months. 

The isolation of erythritol from urine brings to mind studies 
of other polyols in mammalian metabolism. The important 
roles of glycerol and inositol are obvious, and recent work on 
xylitol and arabitol have already been mentioned. Sorbitol is 
considered to be the intermediate in the conversion of glucose to 
fructose in male accessory organs (31) and in the formation of 
the fructose found in the fetal blood of ungulates (32). Further 
study of the metabolism of erythritol in animals would therefore 
appear warranted. 


SUMMARY 


Erythritol has been isolated in crystalline form from the urine 
of two fasting men and its identity established by chromatogra- 
phy, melting point, and x-ray diffraction pattern. 


Acknowledgments—The senior author is indebted to Sir Hans 
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An unresolved question concerning the mode of utilization of 
y-hydroxybutyric acid stimulated the present investigation of 
an enzymatic system oxidizing this w-hydroxy acid to succinate. 
It had previously been noted (1) that both lactic dehydrogenase 
and a soluble extract of a brain acetone powder could catalyze 
a diphosphopyridine nucleotide-linked oxidation of the alcohol 
to an unidentified product. These experiments were repeated 
by us with rat brain preparations, but the activity was quite 
low and this tissue did not therefore appear promising as a 
source of enzymes utilizing the compound. Accordingly, a 
microorganism was isolated which could grow with y-hydroxy- 
butyrate as the sole carbon source and which allowed the iso- 
lation of three specific enzymes participating in the conversion 
of the alcohol to succinic acid (Reactions 1 to 3). 


HOCH.CH.CH.COOH + DPN*+ (1) 
= OHCCH.CH.COOH + DPNH + H* 

OHCCH:CH.COOH + DPN* + H.0 (2) 
— HOOCCH.CH:COOH + DPNH + H* 

OHCCH:.CH.COOH + TPNt + H.0 (3) 
— HOOCCH.CH.COOH + TPNH + H+ 


The initial oxidation step yields succinic semialdehyde and 
is catalyzed by y-hydroxybutyrate dehydrogenase. Unexpect- 
edly, two distinct succinic semialdehyde dehydrogenases (Reac- 
tions 2 and 3) were present, which differed in their specificity 
for pyridine nucleotide, and were active in the oxidation of the 
intermediate to succinic acid. This report is concerned with 
the separation, purification, and characterization of the three 
enzymes. 


PURIFICATION OF ENZYME 


Growth—The organism used in these studies was isolated by 
the enrichment culture technique, with the use of a salt medium 
(2) containing y-butyrolactone as the sole carbon source. The 
organism was identified as a species of Pseudomonas (3). Since 
growth was more rapid when the lactone ring was cleaved, 7- 
hydroxybutyric acid was substituted for y-butyrolactone as the 
carbon source. y-Butyrolactone was hydrolyzed after dilution 
with 9 volumes of water and indicator quantities of phenol- 
phthalein. A saturated solution of NaOH was slowly added 
to the lactone which was cooled in an ice bath. Hydrolysis of 
the lactone was essentially complete when the pH of the solu- 
tion reached 8.5. The solution was then neutralized by the 
addition of a small amount of y-butyrolactone. All cultures 
contained 2 g of y-hydroxybutyrate per liter of medium. 


* Fellow of the American Cancer Society. 


A 24-hour-old culture of the pseudomonad on an agar slant 
was used to inoculate 175 ml of the liquid medium. The liquid 
culture was aerated on a reciprocating shaker until a heavy 
growth was observed and then used as inoculum for 11 liters 
of medium in a 5-gallon carboy equipped for vigorous aeration 
under sterile conditions. After 18 hours of growth at room 
temperature, the cells were harvested at 3° in a Sharples centri- 
fuge, washed with 0.9% sodium chloride solution, and frozen. 
The cells could be stored at —15° for several months without 
appreciable loss of enzymatic activity. Approximately 15 g of 
bacteria (wet weight) were obtained from each carboy. 


Assay 


-Hydroxybutyric Acid Dehydrogenase—The increase in opti- 
cal density at 340 my due to the formation of reduced pyridine 
nucleotide during the course of the reaction was followed spec- 
trophotometrically. An excess of purified DPN-succinic semi- 
aldehyde dehydrogenase was added to all reaction mixtures, 
unless otherwise specified. The constituents of the incubation 
mixture were, in umoles per ml of solution, Tris at pH 8.8, 100; 
mercaptoethanol, 6; DPN, 1; y-hydroxybutyric acid, 40; DPN- 
succinic semialdehyde dehydrogenase to produce an absorbancy 
change of at least 0.3 per minute; and an appropriate amount 
of y-hydroxybutyric acid dehydrogenase. -y-Hydroxybutyric 
acid was added to initiate the reaction, and the change in optical 
density was determined at half-minute intervals for 3 minutes. 
A unit of enzyme activity is defined as the amount of enzyme 
required to obtain a change in absorbancy of 0.2 per minute, 
under the standard conditions outlined above. It will be noted 
that the reaction observed under these conditions was the sum 
of Reactions 1 and 2. Specific activity is defined as the number 
of units per mg of protein. 

DPN- and TPN-Succinic Semialdehyde Dehydrogenases—The 
course of these reactions was followed spectrophotometrically 
at 340 mu. The incubation mixture consisted of, in umoles per 
ml of solution, mercaptoethanol, 6; succinic semialdehyde, 0.5; 
and an appropriate amount of enzyme. When DPN-succinic 
semialdehyde dehydrogenase was assayed, 100 umoles of Tris 
at pH 8.1 and 1 umole of DPN were added. When TPN- 
succinic semialdehyde dehydrogenase was assayed, 100 umoles 
Tris at pH 8.8 and 1 umole of TPN were added. Succinic semi- 
aldehyde was added to initiate the reaction, and changes in 
optical density were determined at half-minute intervals for 3 
minutes. A unit of enzyme activity is defined as the amount 
of enzyme required to obtain an absorbancy change of 0.1 per 
minute under the conditions outlined. Specific activity refers 
to the number of units per mg of protein. 
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The rate of each of these enzymatic activities was proportional 
to time (Fig. 1A) and protein concentration (Fig. 1B) within 
the limits shown. 


Fractionation 


One volume of washed Pseudomonas cells previously stored 
at —15° was thawed and suspended in 7 volumes of 0.1 m phos- 
phate at pH 7.0 containing 0.006 M mercaptoethanol. A Ray- 
theon 10 ke. sonic oscillator cooled by circulating ice-water was 
used for 15 minutes to disrupt the cells. Unless otherwise speci- 
fied, all operations were performed with mechanical stirring at 
ice-bath temperatures. Centrifugations were carried out at 
approximately 1° and 15,000 x g for 15 minutes, except where 
indicated. 

Both DPN- and TPN-succinic semialdehyde dehydrogenase 
could be prepared from one batch of bacteria. y-Hydroxy- 
butyric acid dehydrogenase was obtained from a separate sample. 

y-Hydroxybutyric Acid Dehydrogenase—To the supernatant 
fluid (Fraction A, 250 ml) obtained after centrifuging the soni- 
cated extract were added 122 g of ammonium sulfate. The 
precipitate was removed by centrifugation, dissolved in 0.1 mM 
potassium phosphate-0.006 mM mercaptoethanol at pH 7.0, and 
neutralized with n NaOH (Fraction B, 200 ml). The precipi- 
tate obtained after the addition of 28 g of ammonium sulfate 
to Fraction B was discarded. Another 28 g of ammonium sul- 
fate were added to the supernatant fluid and the residue after 
centrifugation was dissolved in 0.1 Mm potassium phosphate- 
0.006 m mercaptoethanol buffer at pH 7.0. The solution was 
then neutralized with n NaOH (Fraction C). Fraction C was 
supplemented with 0.2 ml of 0.12 m mercaptoethanol and 1.0 
mg of DPN per ml of solution, and swirled in a water bath 
at 55° for 5 minutes followed by rapid cooling in an ice bath. 
The copious precipitate was removed by centrifugation and was 
discarded. To the supernatant fluid (Fraction D) was added 
0.2 ml of 0.12 m mercaptoethanol. Most of the contaminating 
DPN-succinic semialdehyde dehydrogenase was denatured dur- 
ing the heating process. 

To Fraction D, 1 ml of acetone which had been precooled 
to —20° was added slowly at 0°. Further addition of 38.0 ml 
of acetone, performed in a —10° ethanol-Dry-Ice bath, brought 
the concentration to approximately 40% (by volume). The 
precipitate was removed by centrifugation at —10° and dis- 
carded. The supernatant solution was brought to an acetone 
concentration of 60% by the addition of 62.0 ml of acetone. 
The precipitate was collected by centrifugation at —10° and was 
suspended in 0.1 mM potassium phosphate-0.006 mM mercapto- 
ethanol at pH 7.0 with the use of a glass homogenizer. After 
clarification of the suspension by centrifugation, the super- 
natant solution (Fraction E) must be carried to the next step 
immediately. 

Fraction E was treated with 21 ml-of alkaline saturated am- 
monium sulfate solution;! the precipitate was discarded. An 
additional 27.0 ml of alkaline saturated ammonium sulfate solu- 
tion were added and the precipitate was dissolved in 0.1 mM 
glycylglycine-0.006 m mercaptoethanol at pH 7.0 (Fraction F). 
Fraction F could be stored overnight at 3°. A column of 


1 To 100 ml of a saturated ammonium sulfate solution at room 
temperature were added 5 ml of concentrated ammonium hydrox- 
ide. 
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Fig. 1. Proportional relation of enzyme concentration with 
respect to time and protein concentration under standard assay 
conditions. Curves A, DPN-enzyme; Curves B, TPN-enzyme; 
Curves C, y-hydroxybutyrate dehydrogenase. 








TaBLeE I 
Purification of y-hydroxybutyric acid dehydrogenase 
“ae Voume| eet | Tae | See 

| | at mg war 
A Extract 250 | 1,330) 5,000) 0.27 
B | 0-70 Ammonium sulfate 200 916) 4,500! 0.20 
C | 20-40 Ammonium sulfate 67 859) 1,680) 0.51 
D | 4 to 55° 67 | 586} 970) 0.60 
E | 40-60 Acetone 39 387; 350; 1.1 
F | 35-55 Alkaline ammonium | 26 684; 210) 3.3 

sulfate 

G DEAE-cellulose chroma- 74 215 45) 4.8 

| tography 

















DEAE?-cellulose (8 to 10 em X 2.5 cm) (4) was prepared by 
essentially the same method previously described (5). After 
the protein of Fraction F had been adsorbed, the column was 
washed with 70 ml of the Tris buffer containing mercaptoethanol 
and connected with a mixing flask equipped for magnetic stir- 
ring and containing 0.03 m Tris-0.006 m mercaptoethanol at pH 
7.3. The mixing flask was connected for gradient elution to a 
flask containing 400 ml of the same buffer which was 0.5 m 
with respect to NaCl. Fractions of approximately 6.0 ml were 
collected at 45-second intervals. The peak of activity was 
eluted after 200 ml had passed through the column and repre- 
sented a recovery of approximately 30%. The specific ac- 
tivities of individual fractions varied between 3 and 10, and 
represented a purification of 35-fold in the best fractions. The 
eluates were pooled (Fraction G) and could be stored at —15° 
for 6 months with only 20% loss of activity. A summary of 
the purification procedure is presented in Table I. At this 
stage of purification, the enzyme is free from DPN-succinic 
semialdehyde dehydrogenase and has only a trace of TPN-suc- 
cinic semialdehyde dehydrogenase activity (A ODso of 0.001 
per minute with succinic semialdehyde, TPN, and 0.31 mg of 
the enzyme). When the equilibrium constant of the y-hydroxy- 


2 The abbreviation DEAE is N, N-diethylaminoethy! cellulose. 
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butyric acid dehydrogenase was determined, TPN-succinic semi- 
aldehyde dehydrogenase activity was reduced more than 1000- 
fold by the use of DPN and by the omission of mercaptoethanol 
from the reaction mixtures. 

DPN- and TPN-Succinic Semialdehyde Dehydrogenases—The 
supernatant fluid obtained after sonic oscillation and centrifu- 
gation represents Fraction 1 (143 ml). Fraction 1 was treated 
with 70 g of ammonium sulfate and the precipitate was dis- 
solved in 0.1 m potassium phosphate-0.006 m mercaptoethanol 
(Fraction 2). 

After the pH of Fraction 2 was adjusted to 7.0 with n NaOH, 
30 g of ammonium sulfate were added and the suspension was 
centrifuged. The precipitate was used for the preparation of 
the DPN-succinic semialdehyde dehydrogenase, whereas the 
supernatant solution was the source of the TPN-succinic semi- 
aldehyde dehydrogenase. The precipitate was dissolved in 0.1 
m phosphate at pH 7.0 containing 0.006 m mercaptoethanol and 
was neutralized with n NaOH (Fraction 3, DPN enzyme). 
To the supernatant fluid, 15 g of ammonium sulfate were added 
and the resultant precipitate was discarded. After the solution 
was adjusted to 7.0 with n NaOH, 25.0 g of ammonium 
sulfate were added. After centrifugation the residue was dis- 
solved in 0.1 mM phosphate at pH 7.0 containing 0.006 mercapto- 
ethanol, and was neutralized with n NaOH (Fraction 4, TPN- 
enzyme). 

DPN-Enzyme—Fraction 3 (86 ml), which had been stored 
at —15°, was slowly thawed at room temperature and supple- 
mented with 0.3 ml of 0.12 m mercaptoethanol. The thawing 
of these preparations was done with great care since they ap- 
peared to be particularly sensitive to inactivation. Fraction 
3 was treated with 1.0 ml of acetone which had been precooled 
to —20°; the addition was made in an ice bath over a period 
of 5 minutes. Further addition of 56.0 ml of acetone, performed 
in a —10° ethanol-Dry-Ice bath, brought the concentration to 
40% (volume for volume) within 10 minutes. The precipitate 
was removed by centrifugation at 15,000 x g for 10 minutes 
at —10° and was discarded. The supernatant solution was 
brought to a concentration of 60% by the addition of 72 ml of 
acetone. The precipitate obtained after centrifugation for 10 
minutes at —10° was suspended by homogenization in 0.1 M 
potassium phosphate-0.006 mM mercaptoethanol at pH 7.0; the 
suspension was clarified by centrifugation. The supernatant 
solution (Fraction 5) must be carried to the state of Fraction 
6 immediately since it rapidly loses activity. To Fraction 5 were 
added 44.0 ml of alkaline saturated ammonium sulfate solu- 
tion,! so that the final ammonium sulfate concentration was 
approximately 40%. After centrifugation, the precipitate was 
dissolved in 0.1 m glycyl-glycine containing 0.006 m mercapto- 
ethanol at pH 7.0 (Fraction 6, 24 ml). Since the enzyme was 
inactivated at this stage by freezing, Fraction 6 was stored 
overnight at 3°, and on the following day was further purified 
by chromatography on DEAE-cellulose. The column was pre- 
pared as described above. After Fraction 6 was allowed to 
adsorb onto DEAE-cellulose, the column was washed with 60 
ml of 0.03 m Tris-0.006 mM mercaptoethanol at pH 7.3. All of 
the activity was present in one peak representing a recovery 
of about 75%. The peak was eluted after approximately 200 
ml of fluid had passed through the column. The specific ac- 
tivity of the individual fractions varied between 300 and 1000, 
and resulted in a purification of 130-fold in the best fraction 
(Fraction 7). Since the enzyme is readily inactivated at this 
stage, the pooled fractions were supplemented with 1.0 mg of 
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crystalline bovine albumin per ml of the enzyme preparation 
(volume, 86 ml). The enzyme was precipitated by addition 
of 32.4 g of ammonium sulfate, and the precipitate obtained 
after centrifugation was dissolved in 0.1 m phosphate-0.006 mu 
mercaptoethanol at pH 7.0. The preparation was neutralized 
with n NaOH (Fraction 8, 18 ml). These preparations were 
stable for at least 4 months when stored at —15°. A summary of 
the results of the purification procedure is presented in Table 
I. At this stage of purification the enzyme is free of y-hy- 
droxybutyric acid dehydrogenase, DPNH oxidase, transhydro- 
genase, and TPN-succinic semialdehyde dehydrogenase. 

TPN-Succinic Semialdehyde Dehydrogenase—Fraction 4 was 
allowed to thaw at room temperature and was supplemented 
with 0.3 ml of 0.12 m mercaptoethanol. The solution was 
treated with 1.0 ml of acetone which had been precooled to 
—20°; the addition was made in an ice bath during a 5-minute 
period. Further addition of 18.0 ml of acetone, carried out in 
a —10° ethanol-Dry-Ice bath during the course of 10 minutes, 
brought the concentration to 33% (by volume). The precipi- 
tate was removed by centrifugation for 10 minutes at —10° 
and was discarded. The supernatant solution was brought to 
a concentration of 50% by the addition of 19.0 ml of acetone. 
The precipitate was collected by centrifugation for 10 minutes 
at —10°, homogenized in 0.1 M potassium phosphate at pH 7.0 
containing 0.006 m mercaptoethanol, and then clarified by cen- 
trifugation (Fraction 9, 24 ml). This preparation must quickly 
be taken to the stage of Fraction 10. 

To Fraction 9 were added 36.0 ml of alkaline saturated am- 
monium sulfate,! so that the final ammonium sulfate concen- 
tration was brought to approximately 65%. The precipitate 
was removed by centrifugation and discarded. To the super- 
natant fluid, 59 ml of alkaline ammonium sulfate solution were 
added (80% of saturation), and the precipitate obtained after 
centrifugation was dissolved in 0.1 m glycylglycine buffer at pH 
7.0 containing 0.006 m mercaptoethanol (Fraction 10, 20 ml). 
Since the enzyme at this stage was inactivated by freezing, 
Fraction 10 was stored overnight at 3°. 

Fraction 10 was allowed to absorb on a DEAE-cellulose column 
prepared as described above, and the column was washed with 
70 ml of 0.03 m Tris-0.006 m mercaptoethanol at pH 7.3. Frac- 
tions of approximately 6.0 ml were collected at 45-second inter- 
vals under the same gradient used for the DPN-enzyme. Ap- 
proximately 50% of the activity was eluted in a peak collected 
after 210 ml had passed through the column. The specific ac- 
tivities of the individual fractions varied between 300 and 1000, 
and resulted in a purification of 250-fold for the best fractions. 
Treatment of pooled fractions with ammonium sulfate resulted 
in large losses of activity. The pooled eluates (Fraction 11) were 
therefore stored at —15° and retained approximately 85% of the 
original activity after storage for 2 months. 


PROPERTIES OF ENZYMES 


-Hydroxybutyrate Dehydrogenase 


Specificity—y-Hydroxybutyrate dehydrogenase is specific in 
catalyzing the reversible conversion of y-hydroxybutyric acid to 


3 The use of albumin has been found (5) to be a valuable ad- 
junct to salting out at low protein concentrations. In the ab- 
sence of albumin, most of the activity is lost on fractionation with 
ammonium sulfate. In the presence of albumin, recoveries are 
good and, if the enzyme precipitates at an ammonium sulfate 
concentration below 0.5 of saturation, albumin is not precipitated 
along with the desired protein. 
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succinic semialdehyde. None of the following compounds ex- 
amined for substrate activity at concentrations of 10-3 and 10-* m 
was found to substitute for y-hydroxybutyrate :8-hydroxypro- 
pionic acid, ethanol, glycolic acid, n-butanol, 1,4-butanediol, 
mevalonic acid, DL-serine, pL-threonine, pyruvic acid. Under 
standard assay conditions, a 50-fold greater rate was obtained 
with DPN when compared with TPN at the same pyridine nu- 
cleotide concentration, 7.e. 1 X 10-3 M. 

Kinetics—Kinetic analysis (cf. (6)) of the y-hydroxybutyrate 
dehydrogenase reaction allowed the determination of the con- 
stants, Ka, K,, and K., of Equation I (Table IV). The data 
is based on initial rates of reaction, i.e. when less than 10% of 
the substrate had been utilized. The experimental points are in 
good agreement with the calculated curves (Fig. 2), implicating 
the involvement of a ternary complex of enzyme-pyridine nu- 
cleotide-y-hydroxybutyrate (6, 7). 


Vu Ka. 


1 + % 
7 a? 


(succinic semialdehyde) 
K. 
(DPN ){succinie semialdehyde) 








a 


Products—After deproteinization with perchloric acid, the 
products of Reactions 1, 2, and 3 were extracted with ether (14 
hours), the ether was evaporated, the residues were dissolved 
in small volumes of ethyl acetate, and then separated by paper 
chromatography with the use of the isoamy] alcohol-4 m formate 
solvent of Flavin and Ochoa (9). The product of Reaction 1 
had the same Ry as synthetic succinic semialdehyde, and only 
one spot was obtained (AgNO; spray) when the product was 
chromatographed together with synthetic succinic semialdehyde. 
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TaBLe IV 
Kinetic constants for Equations I and II 
#§ 
Enzyme as Ka Kp K. 
wy M M ue 
y-Hydroxybutyrate I | 6.5X10-§ 1.4K10-41.7X10-" 
DPN-succinic semialdehyde| II | 4.7X10-5 9.6X10-§1.3x10-° 
TPN-succinic semialdehyde| II | 6.5X10-5| 9.7X10-55.7<10-9 
Succinic semialdehyde (8) | II | 2.8X10-* 5.610-§3.4x10-® 
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Fig. 2. Dependence of initial velocity, V, of y-hydroxybutyric 
acid dehydrogenase upon substrate concentrations at pH 7.0. The 
reaction mixture contained the enzyme, 100 umoles of phosphate, 
and 6 wmoles of mercaptoethanol. The DPNH concentrations 
were 1.66 X 10-5 m, 2.49 X 10-5 M, 3.32 X 10-5 M, and 4.97 X 10-5 m 
for Curves A, B, C, and D, respectively. The succinic semialde- 
hyde concentrations were 2.13 X 10-5 m, 3.20 X 10-5 M, 4.26 X 
10-* m, and 6.40 X 10-5 m for Curves E, F, G, and H, respectively. 
The curves have been calculated from Equation I with numerical 
values for the constants given in Table IV inserted. 





TABLE V 
Equilibrium constant* of y-hydrorybutyrate hydrogenase reaction 
The reaction mixture contained, in a total volume of 1 ml, 100 


umoles of Tris-chloride buffer, 0.1 umole of DPNH, succinic semi- 
aldehyde, and the enzyme. 









































TaBLeE II 

Purification of DPN succinic semialdehyde dehydrogenase 
eel | e 
=| [Volume | Total | otal | Speci 
Ls oa a me wits per 

| m 

1 | Extract 143 | 24,600) 3,150, 7.8 

2 | 0-70 Ammonium sulfate 143 | 29,300) 3,010} 9.8 

3 | 0-30 Ammonium sulfate 86 | 31,200) 2,320) 13.5 

5 | 40-60 Acetone 65 | 20,800} 370) 56.2 

6 | 040 Alkaline ammonium 24 | 19,200 158} 125 

sulfate 
7 DEAE-cellulose 86 | 14,000 25) 560 
8 | 0-70 Ammonium sulfate 18 | 13,400 | 
TaBLeE III 

Purification of TPN succinic semialdehyde dehydrogenase 
ee Volume Tota! | Protein] SUsci 
oe onl me wits per 

1 Extract 143 | 11,300) 3,150 3.6 

2 0-70 Ammonium sulfate 143 | 25,000) 3,010 8.3 

4 45-70 Ammonium sulfate 37 8,300) 126) 66 

9 35-50 Acetone 24 9,000 72) 125 

10 65-80 Alkaline ammo- 20 7,700 54) 141 

nium sulfate 
ll DEAE-celluose chroma- | 60 3,600) 7.6) 474 
| tography | 




















| Succinic y 
‘ - DPN 
No. | pH | —a (formed) Keq 

| | 

| M M 
1 =| 7.14 | 8.34% 10-5 | 2.87 x 10-* | 2.76 x 107 
2 | 7.14 | 1.67 10-* | 4.02 x 10-5 | 2.82 x 107 
3 | 8.00 | 8.34x 10-5 | 1.77 10-5 | 2.56 x 1077 
4 | 8.00 | 1.67 X 10™* | 2.66 x 10-§ | 2.35 x 1077 

IAT + 
*Ke _ (DPNH)(H*)(OHCCH:CH:COOH) 4, siti lili 





(DPN*)(HOCH.CH:CH:COOH) 
was found to be 2.6 & 1077. 


The product of Reaction 1 also served as substrate for both DPN- 
and TPN-succinic semialdehyde dehydrogenases. 

The products of Reactions 2 and 3 were separated from succinic 
semialdehyde by paper chromatography with the isoamy] alco- 
hol-4 m formate solvent system and bromphenol blue spray (9). 
The Ry, values of the products when chromatographed alone and 
with added succinic acid were the same as those of authentic 
succinic acid. 

Equilibrium—The equilibrium constant was calculated from 
data presented in Table V. Determinations were made with a 
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Fig. 3. The pH optima of y-hydroxybutyric acid dehydrogen- 
se. The reactants for Curve A included succinic semialdehyde 
and DPNH and for Curve B, y-hydroxybutyric acid and DPN. 
All buffers were 0.1 Mm; O——O and @——®, Tris chloride; 
O——O, sodium phosphate; A——A, sodium glycinate. 
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Fig. 4. Dependence of initial velocity, V, of DPN-succinic 

semialdehyde dehydrogenase upon substrate concentrations at 


tora Gates) 


pH 8.1. The reaction mixture contained the enzyme, 100 umoles 
of Tris-chloride, and 6 uwmoles of mercaptoethanol. The DPN 
concentrations were 2.63 K 10-5 mM, 5.26 X 10-5 mM, 7.88 KX 10-5 m 
and 10.5 X 10-5 m for Curves A, B, C, and D, respectively. The 
succinic semialdehyde concentrations were 5.56 X 10-5 M, 8.34 X 
10-5 m, 11.1 X 10-5 a, and 13.9 X 10-5 for Curves E, F, G, and H, 
respectively. The curves have been calculated from Equation II 
with the numerical values for the constants given in Table IV in- 
serted. 


Cary recording spectrophotometer at two hydrogen ion concen- 
trations. The average value for K., was found to be 2.6 X 107’, 
which represents a AF’ of —490 calories per mole at pH 7.0. 

pH Optimum and Stability—Since the equilibrium of the reac- 
tion is a function of hydrogen ion concentration, the reaction is 
markedly influenced by the pH of the incubation mixture (Fig. 3). 

The enzyme has been stored in dilute solution, e.g. the DEAE- 
cellulose column eluates, for several months with negligible losses 
in activity. y-Hydroxybutyrate dehydrogenase is markedly re- 
sistant to the usual SH inhibitors; no inhibition was found with 
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1 X 10-3 m iodoacetate or o-iodosobenzoate and 2 X 10-3 y 
potassium arsenite. p-Chloromercuribenzoate at a concentra- 
tion of 1 X 10-4 m does not inhibit alcohol oxidation even after 
20 minutes of preincubation with the enzyme. When the p- 
chloromercuribenzoate concentration was increased to 10-* m, 
approximately 50% inhibition was obtained when enzyme and 
inhibitor were preincubated for 20 minutes. 


Succinic Semialdehyde Dehydrogenases 


Specificity—Both succinic semialdehyde dehydrogenases are 
specific for the oxidation of succinic semialdehyde. A variety 
of aldehydes including glyoxylic acid, malonic semialdehyde, 
pi-glyceraldehyde, 3-phosphoglyceraldehyde, glycolaldehyde, 
and butyraldehyde, at concentrations of 10-* m and 10-4 M, were 
unable to serve as substrates for either of the enzymes. 

Although the succinic semialdehyde dehydrogenases have here 
been designated as the DPN- and the TPN-enzyme, respectively, 
each enzyme can utilize the alternate pyridine nucleotide. Thus 
the DPN-enzyme reduces TPN under standard assay conditions 
at a rate one-twelfth that of DPN. Similarly, the TPN-enzyme 
will reduce DPN at one-twelfth the rate of TPN. Constant 
ratios were obtained when assays were conducted at either pH 
7.7 or pH 8.8. 

Kinetics—Both the DPN- and the TPN-enzymes were sub- 
jected to the kinetic analysis (6) which had been applied to the 
recently reported succinic semialdehyde dehydrogenase obtained 
from a different source (8). Results obtained from both of the 
succinic semialdehyde dehydrogenases are consistent with the 
formation of ternary complexes involving the enzyme, succinic 
semialdehyde, and pyridine nucleotide. The velocity of the reac- 
tions (Figs. 4 and 5) may be expressed in terms of Equation II, 
where K., Ky, and K, are constants for which definitions have 
been proposed (8). Vy is the maximal velocity at a given en- 
zyme concentration, and (PN) refers to the concentration of 
pyridine nucleotide. The values for the constants are presented 
in Table IV. 
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Fia. 5. Dependence of initial velocity, V, of TPN-succinic semi- 
aldehyde dehydrogenase on substrate concentrations at pH 8.8. 
The reaction mixture contained the enzyme, 100 umoles of Tris- 
chloride, and 6 wmoles of mercaptoethanol. The TPN concentra- 
tions were 0.992 X 10-5 Mm, 1.98 X 10-° mM, 3.97 K 10-' M, 5.95 X 10°* 
M, and 9.92 * 10-5 m for Curves A, B, C, D and E, respectively. 
The succinic semialdehyde concentrations were 2.13 X 10-5 M, 
3.20 X 10-5, 4.26 X 10-5 a, 5.33 X 10-5 M, and 6.40 X 10-5 for 
Curves F, G, H, I, and J, respectively. The curves have been 
calculated from Equation II with the numerical values for the 
constants given in Table IV inserted. 
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Fic. 6. The pH optima of DPN- and TPN-succinic semialde- 
hyde dehydrogenases in 0.1 m Tris-chloride. The pH optima of 
each enzyme were determined with both DPN and TPN, and 
identical amounts of enzyme were used for the DPN and TPN 
analyses. (+f, DPN-succinic semialdehyde dehydrogenase 
with DPN; O——O,, DPN-succinic semialdehyde dehydrogenase 
with TPN; @——@, TPN-succinic semialdehyde dehydrogenase 
with TPN; O——O, TPN-succinic semialdehyde dehydrogenase 
with DPN. 





PERCENT OF MAXIMAL ACTIVITY 


Ky 
(succinic semialdehyde) 
K. 
(PN)(succinic semialdehyde) 





Vu Ka 
= 1 a 

v * (PN) . 

II 





pH Gptinum and Stability—The two enzymes differ markedly 


‘ jn their activity as a function of pH. Optimal activity was found 


to be at pH 8 and pH 9 for the DPN- and TPN-enzymes, re- 
spectively (Fig. 6). 

When mercaptoethanol was omitted, large losses of activity 
occurred upon overnight storage of either enzyme at both 3° or 
—15°. The TPN-enzyme was somewhat more sensitive to 
inactivation than the DPN-enzyme; upon omission of mercapto- 
ethanol from the reaction mixture, 100% of TPN-enzyme ac- 
tivity was lost compared to a 50% loss of the DPN-enzyme ac- 
tivity. Correspondingly, addition of a sulfhydryl inhibitor, 
potassium arsenite, at a concentration of 2 X 10-3 m resulted in 
a 75% inhibition of the TPN-enzyme and a 25% inhibition of the 
DPN-enzyme. 


DISCUSSION 


The isolation of y-hydroxybutyrate dehydrogenase and two 
succinic semialdehyde dehydrogenases from the pseudomonad 
under investigation implicates succinic semialdehyde and succinic 
acid as two successive intermediates in the oxidation of y-hy- 
droxybutyrate. This view is strengthened by the observation 
that the y-hydroxybutyrate dehydrogenase is an induced enzyme 
and is present in greater concentration when the organism is 
grown with the alcohol as carbon source. The same inductive 
effect holds true for the DPN-linked succinic semialdehyde de- 
hydrogenase although the TPN-linked succinic semialdehyde de- 
hydrogenase is a constitutive enzyme.‘ 

In a previous study of succinic semialdehyde metabolism (8), 


‘M. Nirenberg, in preparation. 
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an enzyme was isolated which, at saturating levels of pyridine 
nucleotide, was 8-fold more active with TPN than with DPN. 
Of the two enzymes presented here, one had a similar specificity 
for pyridine nucleotides and the other was more active with DPN. 
Aside from preferences for pyridine nucleotide, the two enzymes 
may be differentiated on several grounds, (a) separation by usual 
protein fractionation techniques, (b) pH optima, (c) lability of 
the DPN-enzyme at 55°, and (d) inductive effects noted above. 

Succinic semialdehyde, a product of y-aminobutyrate trans- 
amination, may then be metabolized by either or both of the two 
routes shown below. 


y-aminobutyrate 





DPN succinic DPN 
y-hydroxybutyrate semialdehyde = succinate 
DPNH TPN 


One species of Pseudomonas has an enzyme yielding succinic acid 
(8), whereas the pseudomonad under discussion here, as well as 
an anaerobe, Clostridium aminobutyricum (10), have systems for 
reduction of succinic semialdehyde. Extracts from brain have 
been shown to catalyze both reactions (1, 11). 


MATERIALS AND METHODS 


The diethyl] ester of 2-formylsuccinic acid was a gift from Dr. 
R. W. Albers. It was hydrolyzed in 0.1 m solution by heating 
in a boiling water bath for 4 hours with 0.2 Nn HCl. The solution 
was then adjusted to pH 6.0 with KOH. Mevalonic acid was a 
gift from Dr. K. Markley. The diethyl acetal of malonic semi- 
aldehyde ethyl ester was a gift from Dr. M. J. Coon and Dr. W. 
G. Robinson. y-Hydroxybutyric acid was obtained from the 
Eastman Organic Chemical Company; 6-hydroxyproprionic acid 
from Celanese Corporation of America; 3-phosphoglyceraldehyde 
from Boehringer and Son, Mannheim, Germany; 1, 4-butanediol, 
glycolaldehyde, and glyceraldehyde from the Aldrich Chemical 
Company; glycolic acid from the Fisher Chemical Company; 
glyoxylic acid from the California Foundation for Biochemical 
Research; pt-serine from the Nutritional Biochemical Corpora- 
tion; pt-threonine from Merck and Company; and DEAE-cellu- 
lose from the Eastman Kodak Company. 

The Cary recording spectrophotometer was used for the kinetic 
and equilibrium analyses. Protein was determined by the 
method of Lowry et al. (12), with crystalline bovine serum albu- 
min used as a standard. Protein determinations of eluates from 
DEAE-cellulose columns were performed by the method of 
Warburg and Christian (13). The R, values of succinic semial- 
dehyde and succinic acid in the isoamyl alcohol-4 m formate 
solvent system (9) were 0.68 and 0.48, respectively. 


SUMMARY 


+-Hydroxybutyric acid dehydrogenase and two different suc- 
cinic semialdehyde dehydrogenases have been purified from ex- 
tracts of Pseudomonas sp. and the properties of these enzymes 
have been described. -y-Hydroxybutyric acid dehydrogenase is 
specific for y-hydroxybutyrate oxidation and forms succinic semi- 
aldehyde as the product. Diphosphopyridine nucleotide is re- 
quired for the reaction. Both succinic semialdehyde dehydro- 
genases are specific for succinic semialdehyde oxidation and form 
succinic acid as the product. One enzyme has a high affinity for 
diphosphopyridine nucleotide, the other for triphosphopyridine 
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nucleotide. The differences between the enzymes as well as their 
possible relationships have been discussed. 
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In a previous report (1) the isolation, toxicity and some chemi- 
cal data concerning the lipopolysaccharide endotoxin of Neisseria 
gonorrhoeae was described. The present investigation includes 
the following: (a) an improved modification of lipopolysac- 
charide phosphoric acid ester preparation; (6) hydrolysis of 
lipopolysaccharide phosphoric acid ester and removal of fatty 
acids; (c) separation of amino compounds by unidimensional 
ascending partition chromatography on filter paper; (d) quantita- 
tive estimation of the amino compounds by spectrophotometry 
employing the eluates of the ninhydrin-copper compounds (2); 
(e) comparison of the chromatograms of the amino Compounds 
in lipopolysaccharide phosphoric acid ester derived from different 
gram-negative organisms. 


METHODS AND MATERIALS 


Preparation of Lipopolysaccharide Phosphoric Acid Ester—This 
is a more practical modification of our previously reported 
method (1). Fifty grams of washed gonococcus cells, suspended 
in 45 ml of distilled water, were poured into a Waring Blendor 
and stirred for 2 minutes. A mixture of 110 g of phenol and 67 
ml of distilled water was poured into the blendor and the contents 
were stirred for 8 minutes. The temperature of the mixture was 
45° at the completion of stirring. The mixture was cooled to 
20°, and centrifuged at 4° for 10 minutes at 3,000 x g. The 
clear upper phase was siphoned off and the lower (phenol) phase, 
containing the proteins, extracted with 30 ml of distilled water 
and centrifuged again. A second 50-g portion of bacterial cells 
was similarly treated. The upper phases were combined and 
centrifuged again for 20 minutes at 3,000 x g. The combined 
upper phases were then placed in cellophane bags and dialyzed 
for 24 hours at 4° against 28 liter of distilled water. The latter 
was stirred continuously and changed occasionally. 

From the dialyzed supernatant the LPSP! may be obtained 
by centrifuging in a Spinco model L ultracentrifuge for 1 hour 
at 100,000 x g. It generally sedimented in the form of a gel- 
like transparent material as previously described (1). The 
following procedure, however, was found to be more practical 
since occasionally it did not sediment from supernatant fluids in 
which its concentration was low. Sodium chloride (200 mg per 
100 ml of dialyzed supernatant fluid) was added, and the LPSP 
was precipitated together with the nucleic acids and a small 
quantity of other materials by the addition of 2 volumes of cold 
acetone. The precipitate was removed by centrifugation, 
washed with acetone, and dried over sodium hydroxide in vac- 
uum. The resulting powder was dissolved at 43° in a small 


‘The abbreviation used is: LPSP, Lipopolysaccharide phos- 
phoric acid ester. 
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volume of distilled water and the resulting solution centrifuged 
at low speed. A slight precipitate was discarded. The super- 
natant was then centrifuged in the ultracentrifuge for 1 hour at 
100,000 x g. The sediment was dissolved at 43° in distilled 
water and lyophilized. The dried material was further purified 
by redissolving it at 43° in 135 ml of distilled water per 1000 mg 
of solid and centrifuging at 4° for 10 minutes at 3,000 x g. A 
slight precipitate was discarded. The resulting opalescent super- 
natant fluid was centrifuged for 1 hour at 100,000 x g. The 
sediment was dissolved in 25 ml of distilled water and lyophilized. 
The yield of purified LPSP was 650 mg per g of previously 
lyophilized material or 2 to 3% on the basis of dry bacteria. Its 
toxicity was within the range of the recently described product. 
This preparation contained 2.59% nitrogen and was used in the 
following studies. Spectrophotometric analysis (1) has shown 
that this product was free from nucleic acid. 

Other Preparations—Samples of Escherichia coli 08 LPSP and 
Salmonella abortus equi LPSP, made by the phenol method, were 
very kindly furnished by Dr. A. Nowotny of the Dr. A. Wander 
Forschungsinstitut. A sample of Salmonella typhosa 901 LPSP 
was supplied through the courtesy of the Difco Laboratories. 
This was prepared according to a combination of the method of 
Boivin, and of Landy and Johnson. 

Hydrolysis of Lipopolysaccharide Phosphoric Acid Ester and 
Removal of Fatty Acids—LPSP (150 mg) was hydrolyzed in a 
sealed tube at 120° with 4.2 ml of 6 n HCl for 3 hours. The 
precipitated fatty acids were removed by filtration and washed 
with distilled water until the washings became colorless. A 
calculated quantity of silver acetate was added to the resulting 
filtrate in a glass-stoppered flask. The flask was stoppered, and 
the mixture shaken for several minutes. The resulting silver 
chloride was removed by filtration. The precipitate was again 
washed with distilled water until the washings became colorless. 
One-tenth milliliter of 0.25 n HCl was added to the filtrate which 
was then evaporated to dryness under reduced pressure over 
NaOH pellets. The resulting residue, containing the amines, 
amino acids, and a portion of the sugars, was dissolved into a 
mixture of 1.4 ml of 10% isopropanol and 0.1 ml of 0.25 n HCl 
and a small quantity of humin was removed by centrifugation. 
One microliter of the hydrolysate represents 100 ug of LPSP. 
This solution was used in the following chromatographic studies 
of amino compounds. 

Paper Chromatographic Analysis of Amino Compounds of 
Lipopolysaccharide Phosphoric Acid Ester—A variety of solvent 
systems, now in general use, were employed in order to establish 
the presence or absence of amino compounds in the various 
hydrolysates. In addition some compounds were identified by 
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TABLE I 


Qualitative paper chromatographic analysis of amino compounds in 
lipopolysaccharide phosphoric acid esters* 





Type of organism = aaetag LPSP was 








prepare 
No.? | Amino compound 
A, grate E. coli 08 S. py |S. es 
Rp de ot - | eo) 8 
2 | a,e-Diaminopimelic _ 0 o |. 0 
acid | 
3 | Aspartic acid 0 + = en et 
4 Glutamic acid a aa aa + 
5 0 - _ + 
6 Z 0 - - + 
7 | Glycine aa 0 0 
8 Alanine — ao 
9 Glucosamine + + eM ME 
10 | Phenylalanine 0 a — } + 
11 | Ethanolamine | + + + | + 


“ Represents bars in Fig. 1. 

6 + Indicates these compounds were present; — indicates these 
compounds were present in trace quantities; 0 indicates these 
compounds were not present. 


| 
| 
| 


TaBLeE II 


Quantitative paper chromatographic analysis of amino compounds 
in lipopolysaccharide phosphoric acid esters* 





rl 


No. Amino compound Rr oe queer | ss 
1 | = 0.05 2.00 0.30 
2 | a,e-Diaminopimelic 0.08 —¢ 0 

acid 
3 Aspartic acid 0.11 04 0.20 
4 Glutamic acid 0.15 0.25 0.24 
5 ¥ 0.24 0 
6 «|Z 0.26 0 a 
7 | Glycine 0.31 0.74 0 
8 | Alanine 0.48 0.53 0.58 
9 | Glucosamine 0.55 13 .80¢ 5.90/ 

10 | Phenylalanine 0.64 0 | - 

11 | Ethanolamine 0.72 S16 1} “Oe 


@ All values are given in %. 

> These values are based on the glutamic acid calibration curve. 

¢ — Indicates that these compounds were present in trace quan- 
tities. 

4() Indicates that these compounds were not present. 

¢ Previously reported by Tauber and Garson (1). 

/ Previously reported by Westphal and Luderitz (6). 


paper electrophoresis at different pH values and by their reac- 
tivity with color reagents. For example several amino acids 
were readily identified by the isatin color reaction (3). In order 
to discover if there was any destruction of amino compounds 
during hydrolysis and also to offer final proof for the location of 
the bars on the chromatograms a “synthetic hydrolysate” was 
prepared. A mixture of amino compounds, sugars and olive 
oil (to replace the lipid moiety) was prepared based on present 
and earlier analyses (1) of N. gonorrhoeae LPSP. This mixture 
was heated with 6 Nn HCl at 120° for 3 hours. The concentrate 
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was subjected to chromatography after removal of the HCl, 
The recovery of amino compounds was satisfactory. Destruc- 
tion of reducing sugars, however, was considerable under these 
conditions and this method was not used for the study of the 
saccharides (see “Chromatography of Carbohydrates”). Com- 
pounds “X,” “Y,” and “Z” did not appear in the chromatogram 
of the synthetic hydrolysate, proving that these compounds are 
not artifacts. The most revealing results were obtained by a 
relatively simple solvent system containing 100 volumes of 85% 
ethanol and 2 volumes of ammonium hydroxide (28%). This 
solvent system was used in the present quantitative study, 
Three, 6, 9 wl and other convenient volumes of the hydrolysate 
were applied 2} inches from the edge of a 22.5 X 18.25-inch sheet 
of Whatman No. 1 and No. 52 paper on 10, 20, and 40 mm lines. 
The applications were dried on the paper with a hair drier. 

The unidimensional ascending procedure was employed. The 
chromatograms were run in an air-conditioned room for 24 hours 
at 22° with the use of a chromatocab with 5 troughs, each con- 
taining 150 ml of the solvent system. The papers were dried 
for 30 minutes in well ventilated hoods at room temperature. 
Ninhydrin solution was prepared according to Fischer and Dérfel 
(2). Ninhydrin (0.5 g) was dissolved in 80 ml of n-butanol 
containing 13.5 ml of distilled water and 7 ml of acetic acid. The 
sheets were sprayed on both sides in a hood with the aid of nitro- 
gen gas as the source of pressure. After 20 minutes of prelimi- 
nary drying the sheets were dried at 60° for 20 minutes in an oven 
with a blower system. Then the dry sheets were sprayed on 
both sides with a solution containing 2 ml of saturated copper 
nitrate, 0.2 ml of 10% nitrie acid, and 100 ml of 95% ethanol. 
Again nitrogen gas was used as the source of pressure. Spraying 
with copper nitrate converts the ninhydrin complex into a more 
permanent, red-colored copper compound. After preliminary 
drying at room temperature the sheets were dried at 60° for 20 
minutes (2). 

The red-colored bars were cut out, sliced, and placed in Pyrex 
test tubes. An extracting mixture (4 ml), containing 85% of 
methanol and 15% of formic acid were added to the tubes. They 
were stoppered and shaken for 5 minutes. The samples were 
decanted and centrifuged for 3 minutes at low speed in order to 
remove filter fibers. The supernatant fluids were decanted and 
kept at room temperature for 20 minutes. During this time 
maximum color developed which was stable for at least 30 min- 
utes. The samples were read at 504 my in a Beckman DU 
spectrophotometer. Separate calibration curves were prepared 
for each amino acid assay from the same sheet that contained 
the sample to be analyzed. For compound 1 (X) glutamic acid 
served as the standard. 

Chromatography of Carbohydrates 





For chromatographic anal- 
ysis of the saccharides, 150 mg of LPSP was hydrolyzed in a 
sealed tube at 100° with 4.2 ml of 1 Nn HCl for 16 hours. The 
material was transferred to a glass-stoppered flask by the use of 
10 ml of distilled water. 
the calculated quantity of silver acetate were added. 


Two drops of glacial acetic acid and 
The flask 
was stoppered, and the mixture was shaken for several minutes. 
The resulting silver chloride was removed by filtration. The 
precipitate was washed with distilled water until the washings 
became colorless. The filtrate was evaporated to dryness under 
reduced pressure over sodium hydroxide pellets. The resulting 
residue containing the hydrolyzed saccharides was dissolved in 
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1.5 ml of 10% isopropanol. Qualitative chromatographic anal- 
ysis, by the method of Fischer and Nebel (4), and by Wilson (5) 
demonstrated that N. gonorrhoeae 97 LPSP hydrolysate con- 
tains D-glucosamine, glucose, and galactose. We did not investi- 
gate the saccharides of the other preparations. 


RESULTS AND DISCUSSION 


A few improvements have been introduced in the method of 
preparation of LPSP. One involved was dispersion of the 
aqueous suspension of bacterial cells in the Waring Blendor be- 
fore the addition of phenol. The other improvements were the 
removal of the LPSP from the aqueous phase by precipitation 
with acetone and the drying of the material under reduced pres- 
sure over sodium hydroxide. The product was redissolved in 
water, ultracentrifuged and lyophilized. By repeating this last 
step a purer product was obtained. Because of the absence of 
protein color reactions and because paper chromatography re- 
vealed only traces of amino acids, we concluded in our previous 
report (1) that LPSP was free of peptides. 

Presently we have examined several preparations from differ- 
ent gram-negative organisms, with much larger quantities of 
hydrolysate in our tests, and we found small quantities of a few 
apparently very specific amino acids and amines in all of the 4 
preparations studied. The analytical results are summarized 
in Table I. It is seen that some amino compounds are signifi- 
‘antly absent from some of the preparations. For instance, 
there is no a, €-diaminopimelic acid or glycine in the preparations 
from E. coli 08 and S. abortus equi. There is no aspartic acid, 
phenylalanine nor compounds Y and Z in that from N. gonor- 
rhoeae. Compound 1 (X), as yet an unidentified amino com- 
pound, is absent from S. typhosa 901 LPSP. Compound | is 
remarkable since it is ninhydrin positive, but the isatin color 
reaction which is given by 47 amino acids (8) is not given by this 
compound. Amines, however, usually do not react with isatin. 
Compound 1, which is not an amino acid or an SH or 8 com- 
pound, is probably a hydroxyamine since it reduces periodate. 
The trace components 5 (Y) and 6 (Z), have not been identified. 

The following amino acids could not be found in any of the 
LPSP samples tested: B-alanine, a-amino adipic acid, a-amino- 
n-butyric acid, arginine, cysteine, cystine, histidine, hydroxy- 
proline, isoleucine, leucine, lysine, methionine, norleucine, 
norvaline, ornithine, proline, threonine, tryptophan, and valine. 
Absent also were the amines asparagine, glutamine, necrosamine, 
and the amino sugar, muramic acid. 

Two LPSP preparations, those of N. gonorrhoeae 97 and L. 
coli 08 were selected for a quantitative study. Such studies were 
previously limited to qualitative observations only, because the 
amino acids were considered “impurities.” Quantitative data 
are listed in Table II concerning the amino compounds in prepa- 
rations from N. gonorrhoeae 97 and E. coli 08. Both were pre- 
pared by the phenol method. There are marked differences 
between the mildly toxic material from N. gonorrhoeae 97 and the 
highly toxic material from F. coli 08. The £. coli 08 preparation 
contains neither a,¢-diaminopimelic acid nor glycine and much 
less of most other amino compounds than that from N. gonor- 
rhoeae 97. These marked differences are well demonstrated by 
the chromatogram (Fig. 1) in which twice as much of the Z. coli 
08 hydrolysate (C and D) was applied as of the N. gonorrhoeae 
97 hydrolysate (A and B). Furthermore, N. gonorrhoeae 97 
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; —. EC 08 
Fic. 1. Unidimensional chromatogram of LPSP. Sample A 
represents 500 ug, and B 1000 ug of N. gonorrhoeae 97, LPSP. Sam- 
ple C, represents 1000 ug, and D, 2000 ug of E. coli 08, LPSP. The 
numbers indicate as follows: 7, an unidentified amino compound; 
2, a,e-diaminopimelic acid; 3, aspartic acid; 4, glutamic acid; 4, 
and 6, traces of unidentified amino compounds; 7, glycine; 8, 
alanine; 9, hexosamine; 10, trace of phenylalamine; //, ethanol- 
amine (the fastest moving component). 


$ 


product contained 2.59% nitrogen (1) and 20.48% assayed amino 
compounds (Table II) containing 2.24% nitrogen. LF. coli 08 
product contained 1.00% nitrogen (6) and 7.95% assayed amino 
compounds containing 0.79% nitrogen. The amino acids prob- 
ably form a link between the several components (lipids, sac- 
charides, amino sugars, and so forth) of the giant LPSP mole- 
cule. 

Glutamic acid, glycine, and alanine and the amino compounds 
glucosamine, ethanolamine, and the unidentified compound X, 
appear to be part of the N. gonorrhoeae LPSP molecule. Simi- 
larly only a few amino acids and a few amino compounds were 
found in the other preparations with the exception of the S. 
typhosa product which contained a larger number of amino acids. 
This preparation, however, was made by a different method. 

p-Glucosamine, glucose, and galactose were found as the only 
carbohydrates present in N. gonorrhoeae 97 LPSP. We did not 
investigate carbohydrates of the other preparations. 


SUMMARY 


The method for the preparation of lipopolysaccharide phos- 
phoric acid ester has been improved. A procedure for determin- 
ing amino compounds in the endotoxins has been described. A 
chemical relationship between the endotoxins from different gram 
negative organisms has been established. Some of the same 
amino compounds are found in each organism studied. There 
are, however, marked quantitative differences in the amino com- 
pounds that are present in the different endotoxins. Other dif- 
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ferences have also been found. Certain amino acids are entirely 
absent from some of the endotoxins. The hexosamine and the 
reducing sugars of Neisseria gonorrhoeae 97 lipopolysaccharide 
phosphoric acid ester were identified by paper chromatography. 
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The microbiological oxidation of 9a-fluoro-118 , 16a,17a,21- 
tetrahydroxy-4-pregnene-3 ,20-dione (I) to form triamcinolone 
(9a - fluoro - 118 , 16a, 17a, 21 -tetrahydroxy - 1,4- pregnadiene - 
3,20-dione) (II) may be accomplished with Corynebacterium sim- 
plex (1), Mycobacterium rhodochorus (2), and by Bacterium cyclo- 
oxydans (3). 

The microbiological reduction of II by these organisms pro- 
ceeds initially at the C-20 carbonyl group to form 208-dihydro- 
triamcinolone (9a-fluoro-116 ,16a,17a,208 ,21-pentahydroxy- 
1,4-pregnadien-3-one) (III). Further reduction by C. simplex 
and by B. cyclo-orydans removes the C-1,2 double bond previ- 
ously formed, yielding as the terminal product of reduction 
1,2,208-tetrahydrotriamcinolone (9a-fluoro-118 , 16a,17a,208, 
21-pentahydroxy-4-pregnen-3-one) (IV). 

The isolation and proof of structure of III and IV have been 
described (4). The present paper deals with the interrelation- 
ships between these four steroids under different fermentation 
conditions. 


EXPERIMENTAL PROCEDURE 


Steroids Used—The several steroids employed were all of high 
purity as evidenced by ultraviolet and infrared absorption spectra 
and polarographic reduction behavior. All steroids were rigor- 
ously examined by paper chromatography to insure homogeneity 
and identity. 

Fermentation Conditions—The microbiological oxidative steps 
were performed in 250-ml Erlenmeyer flasks containing 50 ml of 
media. The flasks were agitated on a rotary shaker operating at 
185 r.p.m. with a throw of 2 inches in diameter, and were main- 
tained at 26.5° throughout the experiments. 

Two types of media, essentially those of Kroll et al. (3), were 
used. The rich medium consisted of, in g per liter, commercial 
glucose, 20; yeast extract, 5; peptone, 5; tryptone, 5; and calcium 
carbonate, 2.5. The thin medium consisted of 1 g per liter of 
commercial glucose, 1 of yeast extract, and 1 of potassium di- 
hydrogen phosphate. 

The microorganisms used were C.. simplex (ATCC 6946) (5), 
B. cyclo-orydans (ATCC 12673) (3), and M. rhodochorus (2). 
Inoculum was grown in the rich medium for 24 hours and used 
at a level of 4% to inoculate the experimental media as required. 

The inoculated medium, rich or thin, was allowed to grow for 
a period of 24 hours before the addition of the steroid substrate. 
Steroid substrates were added as dimethylformamide solutions 
such that the final dimethylformamide concentration did not ex- 


ceed 1% by volume. Final steroid concentration varied accord- 
ing to plan within the range of 250 to 500 ug per ml. 

After the steroid was added to the growing culture, aeration by 
shaking was continued for some time when the experiment called 
for an oxidation. When reducing, or nonshaken, conditions were 
required, th steeroid was also subjected to an aerated period, the 
“contact time”, before the reducing conditions were imposed. 
For triamcinolone the contact time was 24 hours; for the less 
polar steroids a shorter contact time, as little as 3 hours, was re- 
quired. After the contact time, the reducing, or nonaerated, 
period was imposed by taking the flasks off the shaker. During 
this period, which is referred to as the “reversion time’’, samples 
were withdrawn for analysis. 

In a few specific instances, when the imposition of the aerated 
contact time was undesirable, the culture was grown for 24 hours 
on the shaker, the steroid was added, and culture broth plus 
steroid was used to fill 100-ml glass-stoppered bottles containing 
a small magnetic stirring bar. The contents were then placed 
over the revolving magnets, a treatment which produced agita- 
tion but not aeration of the mixture. 

All experimental conditions were terminated by pasteurizing 
the sample, for 5 minutes at 70°, to prevent further changes be- 
fore it was assayed. 

Isolation and Analysis—After pasteurization, the sample of 
broth was extracted three times with equal volumes of ethyl 
acetate, and the combined extracts were evaporated to dryness. 
The residue was dissolved in the solvent appropriate for the assay. 
Further extraction of the spent broth did not afford detectable 
amounts of steroids. 

The steroid residues were analyzed directly by polarographic 
means and by colorimetric means with the use of alkaline tetra- 
zolium blue (6). Paper chromatography with Bush-type sys- 
tems already described (7), especially System II, was relied on 
heavily for the identification of products. Reducing steroids 
were detected by means of alkaline tetrazolium blue sprays; 
nonreducing steroids were detected by their ultraviolet light ab- 
sorption on paper (8, 9) and by their fluorescence with isonico- 
tinic acid hydrazide, used differentially for the recognition of 
A'4-3-ketosteroids (10). Partition column chromatographic 
analyses were conducted with the system of dioxane-cyclohexane- 
water (5:2:1) already described (7), and the appropriate fractions 
were analyzed polarographically. 

Identification of each steroid product was made by comparing 
it with authentic known materials. Steroids eluted from parti- 
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TABLE I 
Chromatographic mobility data 


16a-Hydroxy Steroids. VI 

















Paper chroma- 
Partition tographic Rr 
Steroid 7.4 
Volume | System | System 
I II 

Triamcinolone 3.1-3.4 | 0.18 | 0.42 
1,2-Dihydrotriamcinolone 1.9-2.1 | 0.24 | 0.52 
208-Dihydrotriamcinolone 6.6-7.0 | 0.08 | 0.10 
1,2,208-Tetrahydrotriamcinolone 4.5-5.0 | 0.10 | 0.13 
20-Dihydro-9e-fluorohydrocortisone* 0.37 
20-Dihydro-9a-fluoroprednisolone® 0.18 | 0.28 
9a-Fluorohydrocortisone* 0.6-1.4 | 0.45 | 0.80 
9e-Fluoroprednisolone4? 2:7 0.37 | 0.67 





* Ja-Fluoro-118 , 17a, 208 ,21-tetrahydroxy-4-pregnen-3-one. 


® 9a-Fluocro-118 , 17a, 208 ,21-tetrahydroxy-1,4-pregnadien-3-one. 


¢ 9a-Fluoro-118 , 17a, 21-trihydroxy-4-pregnene-3, 20-dione. 


4 9a-Fluoro-118 , 17a, 21-trihydroxy-1 ,4-pregnadiene-3 , 20-dione. 


TABLE II 


Reduction of triamcinolone, with variations in medium 
and microorganism 








A}.43- 
Microorganism Medium? a a Foe eae al 
graphic) 
hrs ie | 
Corynebacterium simplex | rich 0 7 pa, 
0.25 | 69 | II, III, IV 
0.50 4.) HW, 1 
1.0 48 | II, IV, I 
3.0 2 | EE,.5¥,2 
thin 0 93 | II, Ill 
0.25 91 | II, I 
0.50 | 84 | II, III, I 
1.0 Si |) 5, HI, I 
3.0 66 | II, III, I 
Bacterium cyclo-oxydans | rich 0 81 Ti, EEE 
0.25 90: .}.41, 24 
0.50 73 «| I, Ill, I 
1.0 71 i es 
3.0 Si | H, i 
thin 0 95 | II 
0.25 96 | II 
0.50 | 92 | II 
1.0 96 | II 
3.0 91 | II, IV 
Mycobacterium rich 0¢ 71 II, III, IV 
rhodochorus 6 1, 4 Sep ey a 
24 a. | 3G, BL IV 

















* Steroids were added at levels of 250 ug per ml. 

’ The components listed are defined in the text, i.e. II is tri- 
amcinolone. 

¢ Triamcinolone was generated in situ from 1,2-dihydrotri- 
amcinolone by a 24-hour aerobic period, at which time the A?-4-3- 
ketosteroid assay was 71%, the reducing steroid 73%. The re- 
ducing steroids at 6 hours were 37% of total, at 24 hours, 22%. 
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tion columns were identified by their characteristic hold-back 
volumes and by the shape of the polarographic reduction wave 
obtained in the analysis of the eluate. Paper chromatograms 
confirmed the identities and relative amounts in each case. 
Some relative chromatographic mobility data for the several] 
steroids involved in these studies are recorded in Table I. 


RESULTS 


The general over-all picture of the microbiological reduction 
with C. simplex and with B. cyclo-orydans in both rich and thin 
media is presented in Table II. The introduction of substrate 
triamcinolone was followed by a contact time of 24 hours, after 
which the broths were subjected to reversion times of up to 3 
hours. Polarographic analysis during this time establishes an 
over-all loss of A! 4-3-ketone. Paper chromatogram patterns in- 
dicate the formation of 20-dihydrotriamcinolone (III) first, fol- 
lowed by the appearance of the A‘-3-ketones andIV. The early 
formation of 20-dihydrotriamcinolone, witness its presence at 
zero reversion times, may not be a consequence of the reversion 
time, no matter how brief, but rather may reflect a reducing 
capacity of the organisms even under aeration, particularly in 
rich media (8, 11). Since a pasteurization process was used to 
end the reduction processes in the various samples, the presence 
of small amounts of 20-dihydro derivatives in the sample sub- 
jected to immediate pasteurization may also be a consequence 
of the shortness of the time needed to raise the temperature of 
the broth to 70°. 

For comparison, similar data for M. rhodochorus are included 
in Table II. In this instance the triamcinolone was formed in 
situ from 1,2-dihydrotriamcinolone by an aerated period prior 
to the reversion experiment. The total content of A!-4-3-ketone 
remained unaltered during the reversion period, but reduction of 
the C-20 carbonyl proceeded normally. 

A minimal contact time under aerated conditions was necessary 
before the reversion time in order to show the enzymatic activi- 
ties. For the very polar steroids of the triamcinolone type, a 
convenient period of 24 hours was instituted. Although the re- 
duction of the C-1,2 double bond could not be demonstrated at 
shorter contact times, extensive C-20 carbonyl reduction could 
be effected. The presence of C-1,2 reduced derivatives was es- 
tablished only after a contact time of 16 to 24 hours, or longer. 

As evidenced by the data in Table II, the conditions most de- 
structive of triamcinolone are produced by C. simplex in rich 
medium. These conditions were repeated in an experiment in 
which the instrumental analyses included a tetrazolium blue 
assay, and partition column chromatographic analyses supple- 
mented paper chromatography (Fig. 1). 

The column chromatography involved a preliminary separa- 
tion of the steroids present into the four species of interest which 
were then individually measured polarographically. The data 
were then combined to give a measure of total A!-4-3-keto and 
A‘-3-keto steroids and also of total reducing and nonreducing, 
20-dihydro steroids. The instrumental assays, on the other 
hand, did not involve a preliminary separation, since the A!-4-3- 
keto and A‘-3-keto steroids were determined by polarography. 
The difference between the total steroids determined polaro- 
graphically and colorimetrically with tetrazolium blue is a meas- 
ure of the total 20-dihydro steroids present. Fig. 1 shows that 
there is good agreement between the direct instrumental methods 
and the column assays for the various steroid groups. The 
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qualitative aspects of the data were confirmed by conventional 
paper chromatography. 

An experiment with B. cyclo-orydans in thin medium typical 
of the least destructive conditions for triamcinolone reduction 
was also run in a similar fashion. The data were entirely con- 
sistent with the findings for C. simplex in rich medium, except 
that the rate of reduction was greatly diminished, with an ap- 
parent half-life for triamcinolone, with reduction of both the 
C-1,2 double bond and the C-20 carbonyl, of the order of 30 
hours. 

With the over-all picture of the microbiological reduction of 
triamcinolone established as proceeding first through formation 
of 20-dihydrotriamcinolone and then by formation of A‘-3-ke- 
tones, each reaction observed became the center of attention for 
at least one unequivocal experiment wherein the particular reac- 
tion could be established individually. Experiments were also 
performed to establish the over-all reversibility of each reduction 
reaction. In some cases the reaction product was isolated and 
classical identification was made; in all cases rigorous paper 
chromatographic analyses were used for identification purposes. 

The isolation of the intermediate 206-dihydrotriamcinolone 
III and 1,2,206-tetrahydrotriamcinolone IV from partially and 
completely reduced fermentations with the use of triamcinolone 
has already been reported (4). 

Isolation of 1,2-dihydrotriamcinolone (I) formed during brief 
exposure of triamcinolone to reducing conditions was accom- 
plished as follows. At the termination of the aerated fermenta- 
tion with C. simplex, rich medium, polarographic analyses indi- 
cated about 5% of A‘-3-ketone present in approximately 95% 
of A!-4-3-ketone.! Partition chromatographic analysis was made 
on fermentation broth held for several hours after harvest, during 
which time partial reduction occurred. The A‘*-3-ketone frac- 
tions from the column assayed 37.3% as 1,2-dihydrotriamcino- 
lone, with identity assigned on the basis of hold-back volume, 
reduction wave form, and tetrazolium blue reduction power, 
9.3% as 1,2,208-tetrahydrotriamcinolone, and about 5% as 208- 
dihydrotriamcinolone with identities assigned on the basis of 
hold-back volume and wave form; Hy —1.02 volt for A?-*-3- 
ketones, and —1.22 for A*-3-ketones. 

The triamcinolone fraction, 39% of the total steroids, was iso- 
lated and identified by infrared spectra, paper chromatogram 
behavior, and melting point. The 1,2-dihydrotriamcinolone 
fraction was evaporated under reduced pressure, recrystallized, 
and identified as 1 ,2-dihydrotriamcinolone I by infrared spectra 
in potassium bromide disk recorded over the range 2 to 15 u 
and by paper chromatogram behavior. When assayed, the 
sample was found to have full polarographic activity, and full 
reducing power towards tetrazolium blue, with \ct22"*!, 238 my. 
¢, 16,600. Acetylation yielded a diacetate identical in infrared 
spectra and paper chromatogram behavior with authentic 1 ,2- 
dihydrotriamcinolone 16a ,21-diacetate. 

One further reductive alteration remained to be established, 
namely, the reduction of 1,2-dihydrotriamcinolone to 1 ,2,208- 
tetrahydrotriamcinolone. This was accomplished by adding the 
substrate to cultures of C. simplex and B. cyclo-orydans grown 


1 Measurement of small amounts of A‘-3-ketone polarographi- 
cally in the presence of large amounts of A!-4-3-ketone is difficult 
because it is necessary to measure the A‘-3-ketone reduction wave 
at relatively high voltages, at which point fermentation impurities 
tend to interfere. The 5% figure is a maximal value. 
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- A. Partition Column Analyses 


Individual Steroids 


Instrumentally and by Partition Column 
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Fic. 1. Microbiological reduction of triamcinolone by Coryne- 
bacterium simplex in rich medium. 1A (left). @——®, triam- 
cinolone; ™—1§, 1,2-dihydrotriamcinolone; O---O, 20-dihy- 
drotriamcinolone; O---O, 1,2,20-tetrahydrotriamcinolone. 1B 
(right). @——®, A!-‘-3-ketones (polarographic) ; ™+--™, reduc- 
ing steroids (tetrazolium blue); O——O, A!-4-3-ketones (partition 
column); O---O, reducing steroids (partition column). 





aerobically but placed under anaerobic conditions in glass- 
stoppered flasks, and stirred magnetically without aeration, sub- 
sequent to steroid addition. The data indicated almost complete 
loss of reducing capacity with no concomitant increase in A!-4-3- 
ketone determined polarographically; therefore it was concluded 
that no 1-dehydrogenation had occurred. At 6 hours and at 24 
hours the only steroid detected on paper chromatograms was 
1 ,2,208-tetrahydrotriamcinolone IV. 

The reversibility of anaerobic reduction of the C-1,2 double 
bond of triamcinolone is merely the 1-dehydrogenation reaction 
of 1,2-dihydrotriamcinolone, which reaction forms a basis for the 
preparation of triamcinolone from its 1 ,2-dihydro analogue (1,2). 
Similarly, the reversibility of the reduction of the C-1,2 double 
bond, i.e. 1-dehydrogenation, in the 208-dihydro derivatives is 
demonstrated by addition of 1,2,208-tetrahydrotriamcinolone 
to an aerated culture of either organism and the detection of 
206-dihydrotriamcinolone III as the only product at 24 hours of 
fermentation. 

The reversibility of the anaerobic reduction of the C-20 car- 
bonyl group was demonstrated chromatographically and instru- 
mentally. The data of Table III summarize the reoxidation of 
the 20-hydroxy steroids III and IV to the 20-ketone product. 
The products found were identified by paper chromatogram 
mobility and color tests in close comparison with authentic sam- 
ples. The isolation of crystalline triamcinolone from an oxida- 
tive experiment with B. cyclo-orydans, together with the char- 
acteristic rearrangement product of triamcinolone, triamcinolone 
isomer, established the oxidation of the 20-hydroxy steroids in 
the classic manner. 

Isolation of Triamcinolone Prepared from 1 ,2,208-Tetrahydro- 
triamcinolone—To a 24-hour-old culture of B. cyclo-orydans in 
thin medium was added 1,2,208-tetrahydrotriamcinolone (IV) 
so that the final steroid concentration was 500 wg per ml. After 
9 days of aeration, the broth was extracted several times with 
equal volumes of ethyl acetate, and the extracts were combined 
and concentrated in a vacuum. Enough redistilled methanol 
was added to the concentrate to give an estimated steroid con- 
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TaB.e III 


Oxidation of 20-dihydro derivatives, with variations in medium 
and microorganism 














= = |ez 
Substrate Se} ,8 |-a's 
: : : ; 2 ®% | 33 | Paper chroma- 
Microorganism | Medium Pa my es ig 32 togram pattern 
< a 4 
% 
days | pd | de 
C. simplex thin | triamcino- 9} 93 | 26 
lone 
14} 94) 28} II 
II isomer 
III 
B. cyclo- thin | triamcino- 1} 91! 31] III only 
ozydans? lone 9} 96 | 25| II and III¢ 
14 | 98 | 29 | II and III¢ 


1,2-dihydro-| 1{| 88/} 3} III¢ 
triamcino-| 9j| 93 | 26| IlandIII¢ 
lone 14 96} 26) ILand III¢ 
rich 1,2-dihydro- | 4) 92 | 26} III only 
triamecino- | 7 | 92 | 30} II and III 


lone and/} 11] 94] 28| II,II_ iso- 





triamcino- mer and 
lone? III 

M. rhodocho- | rich triamcino- 5 | 100 | 28 | II and III 
rus® lone 9 | 100 | 36 | II and III 
15 | 100 | 40 | II and III 

9a-fluoro- 5 | 100 | 12 | / 

predniso- | 11 | 100 | 15 | / 

lone* 15 | 100 | 15 | / 




















4 Steroids added at levels of 250 wg per ml. 

’ Steroids added at levels of 500 ug per ml. 

¢ A third component was found in these samples, with about 
50% of the mobility of I, positive to tetrazolium blue. 

4 Generated in situ by a 6-hour anaerobic period, at which 
time only the 20-dihydro derivatives could be detected. Contains 
37% of III by polarographic analysis. 

¢Generated in situ by a 6-hour anaerobic period with 9a- 
fluoroprednisolone. Only a single 20-dihydro derivative could 
be detected. Contains 100% of A!:4-3-ketone by polarograph. 

4 Both 9a-fluoroprednisolone and 20-dihydro-9a-fluoropred- 
nisolone were found in these samples. 


centration of 2 mg per ml. The steroid solution was streaked 
across 7-inch sheets of Whatman No. 1 filter paper which had 
been previously washed chromatographically with methanol; 300 
to 400 ug of steroid were applied to each sheet, and the chromato- 
grams were developed in System II (7). The steroid zones were 
located by means of ultraviolet light absorption on paper (8, 9), 
and a strip, 2 to 4 mm, was cut out from the center of the paper 
chromatogram for application of isonicotinic acid hydrazide (10) 
and tetrazolium blue. This double visualization procedure con- 
firmed the location of the major steroid zones and also supported 
the identity of each component. 

The steroid zones were cut out and eluted with redistilled warm 
(40 to 50°) methanol. The evaporated eluates were recrystal- 
lized from acetone and from methanol, the crystals dried in a 
vacuum, and infrared spectra, with potassium bromide disk, were 
obtained on samples of about 100 wg over the range of 2 to 15 yw. 

Two major steroid zones were encountered, the more mobile 
identified as triamcinolone by paper chromatogram mobility, 
color test behavior, and infrared spectra. The less mobile zone 
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was identified as triamcinolone isomer* by the same criteria. 
In the oxidation experiments some unoxidized 20-hydroxy ster- 
oid, identified as 208-dihydrotriamcinolone by paper chromato- 
gram, remained at the end of the aerated period. 

The microbiological alterations of triamcinolone and related 
reduced derivatives involving the four reactions, t.e. C-20 car- 
bonyl reduction, C-20 hydroxyl oxidation, C-1,2 double bond 
introduction, and C-1,2 double bond reduction, are summarized 
in Table IV. These observations are listed for as many com- 
binations of organisms and media as were studied. 

In order to extend the validity of the conclusions drawn in the 
microbiological reduction and oxidation experiments in the triam- 
cinolone series, several related experiments were conducted with 
other A!-4-3,20-diketones. The microbiological reduction of 
prednisolone (118,17a, 21-trihydroxy -1 , 4-pregnadiene-3 , 20- 
dione), prednisone (17a ,21-dihydroxy-1 ,4-pregnadiene-3 , 11 , 20- 
trione), 9a-fluorohydrocortisone, 16a-hydroxyprednisolone 
(118 , 16a, 17a,21-tetrahydroxy -1,4-pregnadiene-3 , 20-dione), 
and 1-dehydro Reichstein’s Substance S (17a ,21-dihydroxy-1 ,4- 
pregnadiene-3 ,20-dione) by C. simplex is presented in Table V. 
In many of these cases the only components which could be 
identified chromatographically by comparison with authentic 
samples were the initial A!:*-3-ketosteroid substrate and the re- 
spective A‘-3-ketone product, since pure samples of the respective 
20-dihydro derivatives were not available. The tentative identi- 
ties of the 20-dihydro compounds formed in these experiments 
were thus assigned by analogy with the well established case in 
the triamcinolone series. In these experiments the paper chro- 
matogram mobilities of the supposed 20-dihydro derivatives were 
exactly those expected of the compound, in view of the results in 
the triamcinolone series, and their failure to reduce tetrazolium 
blue, while reacting in the anticipated differential manner with 
isonicotinic acid hydrazide (10), was deemed sufficient for the 
assigned identities. 

In several of the experiments some unidentified spots were de- 
tected on the paper chromatograms. These unknown compo- 
nents were usually found in trace quantities only, and have not 
been considered in the conclusions drawn from the data. 

Because of the difficulty of observing any identifiable product 
with prednisolone, prednisone, and 1-dehydro Substance §, a 
shorter contact time had to be imposed. At 24 hours contact 
time no steroids could be detected on paper chromatograms and 
no polarographically active steroids could be assayed. By re- 
stricting the contact time to 3 hours, the presence of the antici- 
pated 20-dihydro steroids could be demonstrated, and their rela- 
tionships with one another and the parent 20-ketosteroids could 
be formulated as that already described for triamcinolone. 


2 Triamcinolone isomer is a characteristic rearrangement prod- 
uct of triamcinolone, obtained under a variety of circumstances, 
including both fermentation and chromatography-elution. The 
isomer is presently formulated as a p-homoannulated struc- 
ture, 9a-fluoro-118, 16a, 17aa-trihydroxy-17ag-hydroxymethy!-1, 
4-p-homoandrostadiene-3,17-dione. The isomer is not formed 
from 208-dihydrotriamcinolone, but only from triamcinolone. 
Theoretical consideration of the mechanisms involved in p-homo- 
annulation of similar 20-ketosteroids requires the presence of the 
20-ketone group; thus the presence of triamcinolone isomer in the 
sample can best be explained by initial oxidation of the C-20 
hydroxyl of the 208-dihydro derivative III, followed by isomeriza- 
tion of the triamcinolone thus formed to yield triamcinolone 
isomer. In one experiment the sole reducing steroid obtained 
from 1,2,208-tetrahydrotriamcinolone oxidation was triamcino- 
lone isomer. 
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TaBLeE IV 
Microbiological reactions observed 
| M 
| Corynebacteri Bacteri peobec- 
| simplex cylo-oxydans —_| “rtm rho- 
Reaction | Steroid substrate Steroid product 
| | Rich Thin Rich Thin Rich 
| | | 
1,2-Dehydrogenation...... 1,2-Dihydrotriamcinolone | Triamcinolone +¢ | 4 a 
1,2,20-Dihydrotriamcino- | 20-Dihydrotriamcinolone | | a + 
lone | 
20-Carbony] reduction..... 1,2-Dihydrotriamcinolone | 1,2,20-Tetrahydrotriam- | — a a 
|  cinolone 
Triamcinolone | 20-Dihydrotriamcinolone + | + + + 
C-1,2 Double bond reduc- 
I ES peter Triamcinolone | 1,2-Dihydrotriamcinolone + | + + -<¢ 
20-Dihydrotriamcinolone | 1,2,20-Tetrahydrotriam- + | + + 
| cinolone | 
C-20 Hydroxyl] oxidation. .| 1,2,20-Tetrahydrotriam- | Triamcinolone } of + 
cinolone | 
20-Dihydrotriamcinolone Triamcinolone | + + + 

















«+ denotes unequivocal observation of the reaction. 


6 + denotes equivocal assay results, although the reaction is assumed to occur. 


¢ — denotes failure to detect the reaction unequivocally. 


DISCUSSION 


The actions of C. simplex and B. cyclo-orydans on A!:*-3 ,20- 
diketosteroids consist of a series of oxidation and reduction reac- 
tions of both consecutive and competing types. The attack is 
concentrated at the C-20 and C-1,2 functional groups and the 
several possible structures, A!:4-20-ketone, A!:4-20-hydroxyl, A‘- 
20-ketone, and A‘-20-hydroxyl, have all been implicated in the 
present study. The predominant reductive initial attack is at 
the C-20 carbonyl group, the other attack being at the C-1,2 
double bond. Both initial reductions are followed by a second 
reduction of the remaining reducible functional group. Each 
reaction scheme ends in the formation of the 1,2,20-tetrahydro 
derivative (Fig. 2). These reductive aspects have been estab- 
lished for a number of steroids, 7.e. triamcinolone, 1 ,2-dihydro- 
triamcinolone, 9%a@-fluoroprednisolone, prednisolone, prednisone 
1-dehydro Substance §, and 16a-hydroxyprednisolone. 

The oxidative aspects of the scheme involve the introduction 
of the C-1,2 double bond and the oxidation of a C-20 hydroxy] to 
C-20 ketone. These have not been investigated with other ster- 
oid substrates in the same detail. Oxidation at the C-1,2 
position by these organisms and a variety of others is well known 
(1-3, 5). The oxidation of the C-20 hydroxyl to the C-20 ketone 
was established with’208-dihydrotriamcinolone, 1 ,2,208-tetrahy- 
drotriamcinolone and 208-dihydro-9a-fluoroprednisolone and 
does offer a basis for generalization. The reductive and oxida- 
tive aspects of the scheme are pictured in Fig. 2. 

Abundant precedent has been reported for certain of the reac- 
tions formulated. The microbiological reduction of the C-20 
carbonyl group of the corticosteroid molecule has been noted, 
both with 1-dehydrogenation (3, 5, 12-15) and without 1-dehy- 
drogenation (12, 13, 15-19), with a variety of microorganisms. 
These two reactions are dependent in some cases on medium 
composition (14, 19) and aeration rate (17, 18). 

The reduction of both C-20 carbonyl and C-1,2 double bond 
in A'-4-3 ,20-diketones has been reported in one instance. The 
results of Lindner et al. (19) with the attack of Streptomyces 


Lack of entry indicates that no reaction was attempted. 


hydrogenans on prednisone implicated the 1,2,208-tetrahydro 
derivative Reichstein’s Substance U (17a, 208 ,21-trihydroxy-4- 
pregnene-3, 11-dione) as the terminal reaction product. By use 
of diluted medium or washed cells, reduction of the C-1,2 double 
bond was moderated and the 208-dihydro derivative 1-dehydro 
Substance U  (17a,208,21-trihydroxy-1 ,4-pregnadiene-3 , 11- 
dione) was recovered as the product. Oxidation of the C-20 
hydroxyl to C-20 ketone (accompanied by 1-dehydrogenation) 
has been reported for C. simplex with the simpler steroid sub- 
strates 5-pregnene-36 ,20-diol and 20-hydroxy-4-pregnen-3-one, 
both yielding 1 ,4-pregnadiene-3 ,20-dione (5, 22). 

The formation of 1,2,206-tetrahydro derivatives of A!-4-3 , 20- 
diketones by mammalian systems parallels closely the microbio- 
logical results reported in the present study. In at least two 
systems the reduction of the C-1,2 double bond of prednisolone 
has been demonstrated, with hydrocortisone being isolated as a 
minor metabolite (20, 21). Whereas reduction of the C-1,2 
double bond to give hydrocortisone and of the C-20 carbonyl to 
give 206-dihydroprednisolone occurred in the human (20), re- 
duction of both the C-1,2 and the C-20 functions in the same 
molecule occurred with rat liver homogenates (21), yielding 
Reichstein’s Substance E (118, 17a, 208 ,21-tetrahydroxy-4-preg- 
nen-3-one) as a metabolite. In the same system reduction of 
the C-1,2 double bond alone occurred, yielding hydrocortisone. 

Oxidation of 20-hydroxy steroids to 20-ketones in mammalian 
systems is also known. The 3,20-di-hemisuccinate ester of 
pregnane-3a ,20a-diol is oxidized by rat liver homogenates to 
3a-hydroxypregnan-20-one (23). Some other attempted oxida- 
tions of the C-20 hydroxyl of 20-dihydro corticosteroids with 
rat liver homogenates were not successful, however (24). 

The present instance of the preferential oxidation of the C-20 
hydroxyl group of 1,2,208-tetrahydrotriamcinolone in the pres- 
ence of other oxidizable primary and secondary hydroxy] groups 
at the 118-, 16a-, and 21-positions remains without parallel in 
either microbiological or mammalian systems. 

The two enzyme systems demonstrated in C. simplex and in 
B. cyclo-oxydans, a 208-reductase and a C-1,2 reductase, exhibit 
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TABLE V 
Microbiological reduction by C. simplex of other A':4-3-20-diketones* 
& Se 
Steroid time — Feel Pape chromatogram pattern?.¢ 
hrs hrs Jo of 
Prednisolone e 14 72 | Al-F, F, DHa!-F, DHF 
1 23 (| Al-F, F, DHa!-F, DHF 
2 18 | F, DHA'!-F, DHF 
3 16 | DHA!-F, DHF 
Prednisone 3 0 72 A!-E, E, DHA!-E, DHE 
1 69 | DHA!-E, DHE 
2 | 69 | DHA!-E, DHE 
3 | 61 | DHA!-E, DHE 
1-DehydroSub-| 3 | 0 79¢ | DHa!-S, DHS 
stance S 0.5 77. +| DHA!-S, DHSe 
1.0 7 | DHA!-8, DHS 
| 
16a-Hydroxy- 16 0 | 72/ | AI-F 16, F16, DHA!-F 
prednisolone | 160 
0.5 | 50 | A!-F 16, F 16, DHA!-F 
| 16, DHF 16¢ 
1.0 | 38 | A!-F 16, F 16, DHA'-F 
| | 16, DHF 160 
| | 
9a-Fluoropred- 24 0 | 86 | A!-9aeFF, DHA!-9aFF 
nisolone 0.25 | 8 | A!-9aFF, DHA!-9aFF, 
| DH 9aFF 
0.5 68 | A!-9aFF, 9aFF, DHA'!- 
9aFF, DH9aFF 
3.0 | 32 | DH9aFF 











* Rich medium was used throughout with an initial substrate 
level of 250 ug per ml. 

*’ Various Bush-type systems were used, namely, Systems II, 
III, and V (7). Comparison of mobilities with authentic samples 
of the 20-dihydro derivatives for the first four items was not pos- 
sible. For the 9a-fluoroprednisolone experiments, the 20-dihydro 
derivatives did correspond exactly with authentic samples pre- 
pared by sodium borohydride reduction of the parent 20-ketones. 

¢ Abbreviations used are: F, hydrocortisone; E, cortisone; §, 
Reichstein’s Substance S, (17a,21-dihydroxy-4-pregnene-3, 20- 
dione); 9aFF, 9a-fluorohydrocortisone; F 16, 16a-hydroxyhydro- 
cortisone; A!-F, prednisolone, etc. The letters DH before the 
abbreviated name stand for 20-dihydro. 

4 The sample of 1-dehydro Substance S used was 79% pure. 

¢ An unidentified very polar component was found in trace 
quantities, negative to tetrazolium blue, positive to concentrated 
isonicotinic acid hydrazide reagent. 

4 The 16a-hydroxyprednisolone was only 87% pure. 

¢ An unidentified component was found between the reducing 
and nonreducing zones in trace amounts, negative to tetrazolium 
blue, positive to concentrated isonicotinic acid hydrazide. 


some substrate specificity. No C-1,2 reduction could be demon- 
strated with 1-dehydro Substance S although C-20 reduction 
proceeded normally. 

The two reductases require different contact times for effective- 
ness, the 208-reductase being demonstrable with contact times 
as short as 1 hour, whereas C-1,2 reductase required some 16 to 
24 hours for proper demonstration. Although a 208-reductase 
could be demonstrated in M. rhodochorus, C-1,2 reductase ac- 
tivity could not be detected. 
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The rates of reduction by C. simplex of the A!-4-3 ,20-diketones 
of Table V fall into three categories, rapid, intermediate, and 
slow, according to the complexity of the molecule involved. The 
least substituted steroids, 1-dehydro Substance S, prednisone, 
and prednisolone, are rapidly reduced by C. simplex, and the 
short contact times are required in order to demonstrate the 
presence of any steroids. Steroids of intermediate complexity, 
16a-hydroxyprednisolone and 9a-fluoroprednisolone, are reduced 
under more stringent conditions, whereas the most substituted 
steroid molecule examined, triamcinolone, requires the most ex- 
tensive exposure to the microorganism for a comparable degree 
of reduction. 

This qualitative correlation of degree of substitution of A!-4- 
3,20-diketone with rate of reduction microbiologically is analo- 
gous to the currently held concept that active corticosteroids are 
metabolized in mammalian systems less rapidly, the more highly 
substituted the molecule is in comparison with hydrocortisone 
(25-29). 

Some relative rates of reduction and oxidation can be obtained 
from the data of this study. The dehydrogenation of a A‘-3- 
ketone to give the A!:4-3-ketone proceeds rapidly under aeration, 
as does the reduction of the C-20 carbonyl group without aera- 
tion. Reduction of the C-1,2 double bond appears to be equally 
rapid under suitable conditions, with a rich medium, but under 
more adverse conditions of dilute medium or short contact times 
the reduction rate at C-1,2 diminishes. Oxidation of the C-20 
hydroxy] is quite slow, requiring up to 2 weeks for yields of 25 
to 30% of the 20-ketone. 

In all cases the composition of the medium affected the rate of 
reduction, but not the pattern of products or the dual mode of 
reduction of triamcinolone and related steroids to the tetrahydro 
derivatives. 

Both rich and thin media were effective to some extent with 
C. simplex and with B. cyclo-orydans for the demonstration of 
each reduction step involved (Tables II and IV). Dilution of 
the medium or use of washed cells of S. hydrogenans diminished 
the C-1,2 reductase activity present in this organism (19). 
Depending on medium constituents, the dehydrogenating ca- 
pacity, at C-1,2, and the C-20 carbonyl] reduction capacity of 
Mycobacterium lacticola may also be separated (14). 

If the reversible, or oxidative, reactions of the scheme of Fig. 2 
are disregarded, since under the nonaerated conditions of the 
experiment represented in Fig. 1 neither 1-dehydrogenation nor 
C-20 hydroxyl oxidation can be demonstrated and both are 
deemed highly improbable, kinetic consideration of competing 
and consecutive reactions leads to an anticipated early maximal 
concentration of the two intermediate dihydro derivatives I and 
III, during which time the initial substrate concentration de- 
creases. At times after the maxima are reached, the concentra- 
tions of the two intermediate dihydro compounds decrease to a 
steady-state level, while the concentration of the terminal 1,2, 
208-tetrahydro derivative IV increases. With these considera- 
tions the over-all apparent rate of alteration of substrate is 
expected to be equal to the rate of growth of the terminal 1,2, 
208-tetrahydro product. 

The shape of the curves of Fig. 1A supports in detail these 
expectations, as had the sequence of components found previ- 
ously by qualitative paper chromatographic examination alone. 
A semilogarithmic plot of the data of Fig. 1A for the reduction 
of triamcinolone by C. simplex gives a straight line, from whose 
slope an apparent half-life of about 80 minutes may be derived. 
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Fig. 2. Microbiological reductions and oxidations in the triamcinolone series. 


A similar plot of the growth of 1,2,208-tetrahydrotriamcinolone 
concentration (the maximal 1,2,208-tetrahydrotriamcinolone 
found at the longest time studied minus the amount found at 
time ¢) against time also was linear, with the concentration 
doubling in about 75 minutes, in remarkably complete agreement 
with the rate of over-all reduction of triamcinolone and with the 
theoretical requirement. 

A kinetic study of the oxidative aspects of the scheme in Fig. 2 
was not made because of the length of time required by the oxi- 
dation of the C-20 hydroxyl. The oxidation of 208-dihydrotri- 
amcinolone to triamcinolone was demonstrated, as was the 
individual 1-dehydrogenation of 1,2,206-tetrahydrotriamcino- 
lone to 206-dihydrotriamcinolone (Table IV). Since 1,2-dehy- 
drogenation is the predominant oxidative reaction, the single step 
oxidation of 1,2,208-tetrahydrotriamcinolone to 1,2-dihydro- 
triamcinolone could not be demonstrated individually, because 
in this instance triamcinolone was the end product. This par- 
ticular step therefore remains the only one in the scheme which 
cannot be said to be reversed under controlled conditions. 


SUMMARY 


The reduction of triamcinolone by Corynebacterium simplex 
and by Bacterium cyclo-orydans proceeds by way of 20-carbony] 
reduction and subsequent C-1,2 double bond reduction and also 
by C-1,2 double bond reduction and subsequent C-20 carbonyl 
reduction, with both competitive reactions terminating in the 
common 1,2,208-tetrahydrotriamcinolone derivative. A simi- 
lar dichotomy of reductive alteration occurs with other A’:*-3 , 20- 
diketosteroids. 

The oxidation of reduced triamcinolone derivatives by the same 


microorganisms results in dehydrogenation of A‘-3-ketones to 
A! .4-3-ketone analogues and in oxidation of 208-hydroxy deriva- 
tives to the respective 20-ketones. The reversibility of the oxi- 
dation-reduction reactions of the C-1,2 and C-20 functional 
groups of A!:4-3 ,20-diketones is demonstrated. 


Acknowledgments—The authors are grateful to Mr. T. Foell 
for the isolation of triamcinolone and triamcinolone isomer from 
paper chromatograms reported herein and for most of the paper 
chromatographic analysis results, and to Mr. W. Fulmor for 
infrared spectra. 
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In a recent report from these laboratories (2), an in situ per- 
fusion method was described which could be used to measure the 
transfer of substances in either direction across the guinea pig 
placenta. When the procedure was applied to the estrogens, it 
was found that the unconjugated hormones, estrone, estradiol- 
178, and estriol were transferred quickly under conditions in 
which the placenta posed an effective barrier to their glucuronide 
conjugates. However, it was found that when estrogens were 
administered to the mother, conjugates other than glucosiduron- 
ates were detected in the umbilical circulation. In the present 
report, evidence is presented indicating that these conjugates are 
estrogen sulfates, that the placenta is impermeable to these 
conjugates, but that the placenta can sulfurylate estrogens and 
release them into the umbilical circulation. 


EXPERIMENTAL 


Perfusion—Pregnant guinea pigs of no particular breed were 
purchased from the Dierolf Farms, Boyertown, Pennsylvania. 
Within the last week or two of gestation a fetus was delivered 
by hysterotomy into a 0.9% sodium chloride solution bath 
maintained at 38°.1_ The umbilical cord was clamped close to 
the fetus (Fig. la) and an artery and the vein were cannulated 
between the clamp and the placenta. The fetal side of the 
placenta was perfused with a mixture of guinea pig plasma- 
0.9% sodium chloride solution (1:2). To study maternal to 
fetal transfer the estrogen was injected into the mother intra- 
venously and after a period of time comparison was made be- 
tween the estrogens in the maternal plasma and the perfusate. 
For fetal to maternal transfer the estrogen was added to the 
perfusate and its disappearance in the course of the perfusion 
through the placenta was investigated. To study sulfurylation 
of estrogens in the placenta, the placenta was perfused with the 
estrogen in the usual way after the maternal circulation was 
excluded by a clamp through the maternal decidua close to the 
placenta (Fig. 10). 


* This investigation was supported in part by Research Grants 
PHS-CY-2071 from the National Cancer Institute, United States 
Public Health Service; The American Cancer Society ; PHS-G-4024 
from the National Institutes of Health; and the Association for 
the Aid of Crippled Children. A preliminary account of this work 
was presented at the Fiftieth annual meeting of the American 
Society of Biological Chemists at Atlantic City, New Jersey, April 
1959 (1). 

+ John and Mary Markle Scholar in Medical Science. 

1 A detailed description of the perfusion will appear in the Am. 
J. Obstet. Gynecol. 


Radioactive Estrogens*—Estriol-16-C™ was synthesized as 
previously described (3). The by-product of the synthesis, 16- 
epiestriol-16-C™, was converted to estrone-16-C™ by treatment 
with pyridine hydrochloride at 200° (4). The estrone-16-C"“ 
was purified by chromatography on silica gel (5) and by crystal- 
lization from 95% ethanol. It was obtained in 40% yield. 
Chromatography on paper revealed less than 1% of radioactive 
impurity in each of the preparations. 

Estrone-C" sulfate was prepared by treating 6 mg of estrone- 
C* dissolved in 50 mg of dry pyridine with 22 mg of chlorosulfonic 
acid at room temperature for 2 days. The reaction flask was 
placed in an ice bath and 4 N potassium hydroxide was added 
dropwise to neutrality. After the addition of water the solution 
was extracted with ether and then n-butanol. The butanol was 
removed under vacuum and replaced with 5 ml of water. Chro- 
matography of the product on paper revealed a single radioac- 
tive zone corresponding to authentic estrone sulfate. The 
solvent system was butanol-toluene (100:100) /ammonia-water 
(20:180) (6). The eluted zone was quantitatively hydrolyzed 
by phenolsulfatase* giving estrone-C™“ as the sole radioactive 
product. The yield of estrone-C™ sulfate was estimated from 
the radioactivity to be over 90%. In one year in which the 
solution was stored at —15° except for occasions when samples 
were required, 3% hydrolysis occurred. 

Analytical: Placental Transfer—The radioactivities in the 
perfusate, maternal plasma, and placenta were separated into 
ethereal solutions of the unconjugated estrogens and aqueous 
solutions of the conjugated estrogens as previously described (2). 
Usually aliquots of the aqueous solutions were analyzed sep- 
arately for glucosiduronates, sulfates, and phosphates by enzy- 
matic methods. In some instances, aliquots were treated with 
the enzyme sequentially. That is, after treatment with one 
enzyme and extraction of the ether soluble estrogen the pro- 
cedure was repeated with a second enzyme. 

Glucosiduronates were hydrolyzed with 6-glucuronidase* 500 
units (Fishman) per ml at 38°, pH 5, for 16 hours. In each case 
a control containing the complete system except for the enzyme 
was run concurrently and the difference in the amount of re- 
leased ether soluble radioactivity was used as a measure of the 
glucosiduronate conjugates. In some instances the specific 


2? The authors are indebted to the Schering Corporation and 
Ayerst Laboratories for generous gifts of estrone and estrone sul- 
fate. 

3 P. Mylase, Wallerstein Laboratories, New York, New York. 

4 Ketodase, Warner-Chilcott Laboratories, New Jersey. 
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b a 

Fic. 1. Schematic representation of mother (M), placenta (P), 

and fetus (F) before perfusion of fetal side of the placenta. In 

the placental transfer studies clamp (a) is applied before perfu- 

sion. In the studies on sulfurylation of estrogens by the placenta 
clamps (a) and (b) are applied. 


8-glucuronidase inhibitor, saccharolactone (7), was added at a 
concentration of 0.025 m to provide additional evidence for the 
presence of glucuronides. 

Sulfates were hydrolyzed with phenolsulfatase (0.5 mg per ml) 
at 50°, pH 6, for 16 hours. Concurrent incubations were carried 
out with enzyme plus inorganic phosphate which inhibits phenol- 
sulfatase (8). The percentage of radioactivity rendered ether- 
soluble by enzymatic treatment indicated the amount of phenol- 
sulfate present. 

An attempt was made to investigate the presence of estrogen 
phosphates with the use of acid and alkaline phosphatases.® 
Incubations were carried out at pH 5 and pH 10, respectively, 
at an enzyme concentration of 1 mg per ml at 37° for 16 hours. 

Sulfurylation by Placenta—After the perfusion with either 
estriol-16-C™ or estrone-16-C™ aqueous solutions of the estrogen 
conjugates in the placenta and the perfusate were obtained. 
Sodium hydroxide was added to a final concentration of 0.1 N 
and the solution was extracted with n-butanol. The butanol 
was removed under reduced pressure and replaced with water. 
After extraction with ether to remove unconjugated estrogens 
which may have formed during the procedure, an aliquot was 
assayed for phenolsulfates as described above. When significant 
phenolsulfate radioactivity was indicated, the conjugate was 
chromatographed on paper with the butanol-toluene/ammonia- 
water system mentioned above. The paper was scanned for 
radioactivity in a windowless automatic paper scanner.6 The 
radioactive zone was eluted with methanol which was replaced 
with water. The aqueous solution was extracted with ether 
and incubated with phenolsulfatase. The hydrolyzed estrogens 
were extracted with ether and chromatographed on paper (9). 
The systems were chloroform-formamide for estriol and benzene- 
formamide for estrone. The development times were 2 days 
and 3 hours, respectively. In the estrone experiments two 
zones corresponding in Ry to estrone and estradiol were ob- 
tained. They were eluted with methanol and diluted with 20 
mg of estrone and estradiol-178 carriers, respectively. Each 
was crystallized from ethanol to constant specific activity. 
Estrone was converted to the monobenzoate and estradiol to the 
dibenzoate. Each was crystallized from ethanol to constant 
specific activity. 

Counting—Radioactivities were determined in either the D46A 
Nuclear windowless flow gas counter (50% efficiency) or the D47 
Nuclear micromil window counter (25% efficiency). The counts 
were corrected to infinite thinness. 


5 Nutritional Biochemical Corporation, Cleveland, Ohio. 
6 Purchased from Atomic Accessories Inc., Bellerose, New York. 
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RESULTS 


Estriol-16-C™ was injected into pregnant guinea pigs while 
the fetal placenta was perfused in situ. Water-soluble and 
ether-soluble radioactivity was detected in the maternal circula- 
tion and in the perfusate indicating rapid transfer and conjuga- 
tion (Table 1). By enzymatic hydrolysis it was shown that 43% 
of the maternal water-soluble radioactivity was in the glu- 
cosiduronate form whereas in the perfusate it was about 3% 
(Table II). The hydrolysis was inhibited 95% by saccharo- 
lactone, further strengthening the identification of the glu- 
curonides. In contrast phenolsulfatase hydrolyzed 24% of the 
maternal water-soluble radioactivity and 93% of the water- 
soluble radioactivity in the perfusate. Phenolsulfatase was in- 
hibited about 48% by 0.12 m phosphate ion. In a control ex- 
periment a similar result was obtained for the inhibition of the 
hydrolysis of estrone-C™ sulfate synthesized in our laboratory. 


TABLE I 
Maternal to fetal (perfusate) transfer of estriol-16-C'4 and its 
metabolites in guinea pig 
Estriol-16-C'‘ in plasma was injected into the left maternal jug- 
ular vein at ‘‘0’’ time, and the umbilical vessels were perfused. 
Perfusate was collected for the period after injection indicated. 
Maternal samples were taken by cardiac puncture at the conclu- 
sion of the perfusion. The perfusion rate was 2 ml per minute. 





Maternal plasma Fetal (perfusate) plasma 











| 
Experi- | Perfusion | —___— | 
ment time 
Injected |Water soluble} | Ether | pei = 
oe oo as ee, ee ees a 
min . —* c.p.m./ml a | c.p.m./ml | c.p.m./ml | c.p.m./ml 

1 | 514 | 3.9 5,825 | 2,580 | = 935 
2 2-11 3.7 13,300 | 5,400 2,500 2,260 
3 2-11 3.3 22,000 | 7,450 1,960 1,740 





TaBLeE IT 


Effect of B-glucuronidase and phenolsulfatase on water-soluble 
radioactivities in maternal plasma and perfusate of guinea pig 
Aliquots of the water-soluble radioactivities in Table I were 

incubated with enzymes and the amounts of hydrolysis were de- 

termined. Incubations with 8-glucuronidase were for 18 hours 
at 37° at pH 5; with phenolsulfatase (Mylase P), for 18 hours at 
50° at pH 6. In control incubations, the enzyme was omitted. 

Saccharolactone (0.025 m) inhibited 8-glucuronidase about 90% 

and inorganic pean (0.12 m) inhibited phenolsulfatase ac- 

tivity about 50% 





| 
Experiment I Experiment II | Experiment III 





Perfu- 
sate 


Mater- 
nal 


Perfu- 


Mater- Mater- 
I Perfusate peas 


nal | nal 











% hydrolysis* | % hydrolysis* % hydrolysis* 











B-Glucuronidase 34 | 7.41 50 6.3 | 48 7.2 
Control...... ee ae 16) 2.41 $f 1.3) 2a 
Enzyme + saccharo- 

lactone. ... 8.4) 4.8) 3.3] 5.9 
Phenolsulfatase. . 24 =| 100 23 92 32 96 
Control. . 19} 8.7] 20) 4.2) 2.0] 2.2 
Enzyme + phosphate | | 13 55 14 50 








* Incubation was carried out with a minimum of 204 c.p.m. but 
most were between 1000 and 4000 ¢.p.m. 
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An attempt was made to identify the remaining one-third of 
the maternal water-soluble radioactivity. It was thought that 
it might be a phosphate since Oertel and Eik-Nes (10) found 
that injected dehydroepiandrosterone circulates in the peripheral 
blood of the dog largely as a phosphate. Alkaline phosphatase 
was ineffective but acid phosphatase hydrolyzed the water-solu- 
ble fraction to about the same extent as 8-glucuronidase. How- 
ever, the action of acid phosphatase was completely inhibited 
by saccharolactone indicating that the acid phosphatase was 
contaminated with §-glucuronidase. This fraction remains 
unidentified. 

The possibility of significant cross-contamination between 
phenolsulfatase and 6-glucuronidase was eliminated in the fol- 
lowing manner. In Experiments 1 and 2 (Table II) aliquots of 
the maternal water-soluble radioactivities were treated with the 
enzymes sequentially. After treatment with 6-glucuronidase 
and extraction with ether, the aqueous residue was treated with 
phenolsulfatase and again extracted with ether. The radio- 
activities in the ether fractions were determined. Other aliquots 
were similarly treated except that the order of enzyme incuba- 
tions was reversed. These treatments had no effect on the re- 
sults shown in Table II. 

The origin of the estrogen sulfates in the perfusate was in- 


TaBte III 


Maternal to fetal (perfusate) transfer of estrone-16-C'* sulfate 
in guinea pig 
The estrone-16-C"™ sulfate was injected into the maternal jugu- 
lar vein at ‘0’? time and the umbilical vessels were perfused for 
the times indicated. Maternal samples were taken by cardiac 
puncture at the conclusion of the perfusion. 





Perfusate 











Experiment Time Injected Maternal 
: min c.p.m. c.p.m./ml plasma 
1 6 2.4 X 106 8,700 | 27 
2 | 7 2.0 X 10° 3,550 28 
TaBLe IV 


Fetal (perfusate) to maternal transfer of estrogens in guinea pig 

Radioactive estrogens were added to the perfusate and the 
rates of transfer inferred from the drop in radioactivity during 
perfusion through the placenta. 























Estrogen perfused 
Experiment Estrone-16-C'4 | Estrone-16-C"™ sulfate 
Start End Start End 

c.p.m./ml coms c.p.m./ml bs enc faa 

. | 

1. Sequential* (a) 19,650 | 6,385 
(b) 13,075 | 14,900 
(c) 8,545 | 3,965 | 13,200 12,140 

(d) 19,650 | 6,875 | 
2. Combinationt 3,582 | 1,538 | 13,210 | 12,150 





* The placenta was perfused in 4 stages containing (a) esterone, 
(b) estrone sulfate, (c) a mixture of the two, and (d) estrone. 
Between stages the placenta was flushed with 4 ml of plasma. 

+ The placenta was perfused with 16 ml of plasma containing a 
mixture of estrone and estrone sulfate and the relative rates of 
disappearances noted. 


M. Levitz, G. P. Condon, W. L. Money, and J. Dancis 


TABLE V 
Sulfurylation of estrogens in perfused guinea pig placenta 
Placentas were perfused with radioactive estrogens for 15 min- 
utes after maternal as well as the fetal circulations were excluded. 
The conjugates were extracted from placental tissue. ‘che pla- 
cental radioactivity was fractionated into ether soluble (95 to 
98%) and water soluble (conjugated) forms. The conjugates 
were extracted from 0.1 mM NaOH with butanol. The butanol 


was replaced with water and the resulting solution was treated 
with phenolsulfatase. 











| | fyued by [Phoaphat 
Estrogen Perfused | Butanol soluble a inhil ition 
| | sulfatase 
| c.p.m. | c.p.m. %* %* 
ee | 2.0 x 108 | 2.9 x 104 80 65 
Estriol. ........ | 1.8 X 108 | 1.3 X 104 85 53 
Estrone..... | 73x 10° | 9.3% 10 67 60 
Estrone........ | 7.9 <X 105 | 5.1 X 10 60 53 
Estronet....... | 8.3 X 105 8.15 X 108 84 66 
Estronet....... | 7.6 X 108 | 2.1 X 104 86 60 








* Percentage of butanol soluble radioactivity hydrolyzed by 
phenolsulfatase. See Table II for details of hydrolysis and in- 
hibition. 

+ In these experiments radioactive sulfates also were found in 
the perfusate. The amounts were about one-third of the pla- 
centa values. The other perfusates contained none. 


vestigated. Estrone-16-C' sulfate was synthesized and used in 
placental transfer experiments. The placenta was virtually 
impermeable in both directions to estrone sulfate under the 
conditions of the experiment (Tables III and IV). In studying 
the transfer across the placenta from the fetal side it was demon- 
strated that under these same conditions the placenta was freely 
permeable to unconjugated estrone. 

Sulfurylation by Placenta—The failure of estrone sulfate to 
traverse the placental barrier coupled with the finding of sig- 
nificant amounts of estrogen sulfates in the perfusate after giving 
unconjugated estrogens to the mother raised the possibility that 
the placenta was the site of sulfurylation. The placenta was 
isolated from the maternal circulation as described in “Experi- 
mental” and perfused with radioactive estrogens. Sulfuryla- 
tion of estriol-16-C™ and estrone-16-C™ was demonstrated. The 
placenta was extracted in the Waring Blendor with 80% ethanol. 
After removing the ethanol under reduced pressure the aqueous 
residue was extracted with ether. Between 95 and 98% of the 
radioactivity was extracted. The water-soluble radioactivity 
was quantitatively extracted from 0.1 m NaOH with butanol 
and shown to be largely sulfates by hydrolysis with phenol- 
sulfatase with inhibition by phosphate (Table V). 

In the last two estrone experiments (Table V) further evidence 
was sought that the conjugates were sulfates. Some of the 
water-soluble radioactivity was chromatographed on Whatman 
No. 1 paper with n-butanol-toluene/ammonia-water as the 
solvent system. A parallel strip contained synthetic estrone-C™ 
sulfate. The distributions of the radioactivities on each strip 
were similar. The R»r was 0.25. 

The radioactive zone corresponding to estrone sulfate was 
eluted with methanol and incubated with phenolsulfatase. 
About 95% of the eluted radioactivity became ether soluble after 
enzyme treatment. The ether-soluble radioactivity released by 
enzyme hydrolysis was identified as a mixture of estrone and 
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TaBLe VI 


Determination by reverse isotope dilution 
of estrone and estradiol-17B 


In the last two experiments of Table V the estrogen sulfates 
made in the placentas perfused with estrone-C' were hydrolyzed 
with phenolsulfatase. The ether extract was chromatographed 
on paper. Two radioactive zones corresponding in mobilities to 
estrone and estradiol-178 were obtained in each experiment. The 
estrone zones from the two experiments were combined as were 
the estradiol zones. Each was analyzed by reverse isotope dilu- 
tion. 








| 








Before After 
| Carrier | crystalliza- crystallization | Derivative 
| tion from ethanol | 
mg c.p.m./mg* | c.p.m./mg* c.p.m./mg 
Estrone..... ee 25 120 115 124f 
Estradiol-178 


SPE oe 20 28 30 41t 





* The c.p.m. were corrected for self-absorption. About 0.5 mg 
was plated. For estradiol-178 the observed counts were only 10 
to 15 c.p.m. above background (20 c.p.m.) hence a 25 to 30% error 
is expected. The observed counts were about 40 c.p.m. above 
background for estrone. 

t Monobenzoate was corrected to ¢.p.m. per mg of estrone. 

t Dibenzoate was corrected to c.p.m. per mg of estradiol-178. 


estradiol-178 in the following way. First, it was chromato- 
graphed on paper for 3 hours with benzene-formamide. Two 
radioactive zones corresponding in mobilities to estrone and 
estradiol were obtained. These were eluted. The 2 estrone and 
the 2 estradiol-178 eluates were combined and the identifications 
were confirmed by the method of reverse isotope dilution (Table 
We). 


DISCUSSION 


The present study is an extension of the previous investigation 
on the relative transfer of estrogens and their glucosiduronates 
(2). In that study it was noted that the unconjugated estrogens 
rapidly passed across the placenta in both directions but the 
glucosiduronates did not. This difference in behavior was at- 
tributed to water solubility. Without specific transport mech- 
anisms water-soluble substances of high molecular weight trav- 
erse membranes with difficulty (11). 

In those studies and in these a significant water-soluble frac- 
tion was noted in the perfusate after injection of the uncon- 
jugated estrogens into the mother. Further analysis showed 
that the perfusate conjugates were virtually all sulfates despite 
the fact that the greater percentage of the conjugates in the 
mother were glucosiduronates. These results suggested the 
preferential transfer of sulfates, a puzzling explanation since the 
reasoning applied to the impermeability of the glucosiduronates 
should also hold for the sulfates. An alternative explanation 
was that the free estrogens entered the placenta and a fraction 
of this was conjugated with sulfuric acid (but not with glucuronic 
acid) distal to the barrier and then released into the umbilical 
circulation. 

These alternatives were explored in the following way. Es- 
trone-C™ sulfate was synthesized and its transfer characteristics 
investigated. The placenta was found impermeable. When the 
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isolated placenta was perfused with labeled estriol and estrone, 
sulfurylation but not glucosiduronidation was demonstrated. 

Enzymatic sulfurylation requires a sulfate-activating system 
which generates adenosine 3’-phosphate 5’-phosphosulfate from 
adenosine triphosphate and inorganic sulfate, and a sulfokinase 
to transfer the sulfate from adenosine 3’-phosphate 5’-phos- 
phosulfate to substrate (12). The sulfurylating enzyme system 
has been demonstrated in liver and to lesser extents in kidney, 
intestine, and chick embryo cartilage (13, 14). Apparently this 
is the first report of the presence of sulfurylating enzymes in the 
placenta. 

Conjugates were identified primarily by enzymatic hydrolyses. 
The currently available preparations of 8-glucuronidase, phenol- 
sulfatase, and acid phosphatase are not pure. It was demon- 
strated that there was no significant cross-contamination between 
Ketodase and Mylase P, but that the acid phosphatase had 
B-glucuronidase activity. The acid phosphatase was contami- 
nated also with phenolsulfatase. The use of the specific B- 
glucuronidase inhibitor, saccharolactone, served further to 
identify glucuronides. The inhibition of phenolsulfatase by in- 
organic phosphate is not specific. The identification of the 
estrogen sulfates was confirmed by paper chromatography. 

Estradiol sulfate as well as estrone sulfate was obtained when 
the placenta was perfused with estrone. This is to be expected 
since the placenta is a rich source of 176-dehydrogenase (15). 
The sulfates of estrone and estradiol were not separable by paper 
chromatography. Estriol sulfate had a much lower Rr. 

In the previous paper it was noted that the relative inability 
of the fetus to glucosiduronidate was probably advantageous 
because the impermeability of the placenta would lead to ac- 
cumulation. This would suggest that sulfurylation by the 
placenta and probably by the fetus should lead to the accumula- 
tion of sulfates by the fetus. The answer to this is not yet clear. 
One possible explanation would be reversal of sulfurylation by 
fetal sulfatases. Activity of this nature has been demonstrated 
in vivo in a human adult.’ 


SUMMARY 


With the use of an in situ perfusion technique the transfer of 
estrogens across the guinea pig placenta was studied. The 
placenta was freely permeable to the unconjugated estrogens, 
estrone-C™, and estriol-C“’ but relatively impermeable to es- 
trone-C™ sulfate. With a modification of the same technique it 
was possible to demonstrate the conversion of estrone-C" to the 
sulfates of estrone and estradiol-178 in the placenta. 
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Methostenol, the first C-4 monomethyl sterol recognized in 
mammalian tissue, has been shown to be 4a-methyl-A’-cholesten- 
3B-ol (3, 4). It became of interest to determine the position of 
this new sterol in cholesterol biosynthesis. Several radioactive 
“companions” of cholesterol are demonstrable chromatographi- 
cally in mammalian tissue shortly after administration of radio- 
active acetate (5-7). Some of these minor components such as 
A’-cholestenol in the skin of rodents can be directly isolated and 
identified (8, 9). The quantity of methostenol in rat skin is 
also sufficient for direct analysis whereas in liver and intestine 
methostenol can be demonstrated only by the carrier technique 
(10, 11). This report describes the rapid incorporation of 
sodium acetate-1-C“ into methostenol and into the A’-stenols! 
in combined liver and intestine tissues and in the skin of the 
rat, and a comparison of the rate of incorporation of isotope into 
these sterols and into cholesterol. The results suggest a pre- 
cursor relationship between methostenol and cholesterol. This 
relationship is supported by the finding that synthetic metho- 
stenol-4-C™ is converted rapidly to cholesterol, in vivo. 


EXPERIMENTAL 


Each of two male rats of the Holtzman strain weighing 110 g 
were anesthetized with ether and given an intracardial injection 
of 0.5 m of sodium acetate-1-C™ in 0.5 ml. Animals were killed 
by decapitation 5 minutes and 3 hours, respectively, after the 
injection of the isotope. 

Isolation of Sterol Mixtures—The liver and the washed small 
intestine from each rat were pooled and saponified with 50 ml 
of 20% KOH in 85% ethanol for 2 hours under nitrogen. The 
nonsaponifiable matter was extracted with ether and the sterols 
precipitated by digitonin. The skin of each rat was rapidly 
removed, scraped free of subcutaneous muscle and fat, and 
extracted with acetone for 24 hours in a Soxhlet extractor. The 
acetone was removed under reduced pressure and the residue 
saponified as described above. The nonsaponifiable fraction 
was extracted with ether and the sterols isolated as digitonides. 


* This investigation was supported by a research grant (H-2458- 
C3) from the National Institutes of Health, United States Public 
Health Service. 

+ A preliminary report of this study was presented in part be- 
fore the American Society of Biological Chemists, Atlantic City, 
New Jersey, April 15, 1959 (1), and in a Communication to the 
Editor of the Journal of the American Chemical Society (2). 

1 This term refers to A’-cholestenol contaminated with small 
amounts of 7-dehydrocholesterol. 


The free sterols from each fraction were regenerated by cleaving 
the digitonides with pyridine (12) and extracting with ether. 
Chromatography—Separation of the free sterols was carried 
out on silicic acid-Celite (2:1) columns (1.8 <x 20 cm) with a 
Skellysolve C?-benzene gradient elution system. The adsorbent 
mixture was poured into the column as a slurry of Skellysolve C 
and packed under pressure. A small amount of washed sea sand 
was placed on top of the adsorbent and the mixed sterols were 
added to the column in a small amount of Skellysolve C. A 
reservoir of 500 ml of Skellysolve C containing a magnetic stir- 
ring bar was attached to the column, and the reservoir in turn 
was connected to a supply of benzene-Skellysolve C (2:1). Be- 
fore use, all solvents were redistilled over sodium. Fractions of 
4 ml were collected automatically and 0.5-ml aliquots from 
every third tube were plated on stainless steel planchets to form 
an infinitely thin film of sterol. The radiation of the incorpo- 
rated C'* was measured with a thin end window gas flow counter. 
Determination of Sterol Specific Activities—Specific activities 
(counts per minute per milligram) of purified sterol peaks were 
determined by counting aliquots weighing less than 1 mg. The 
weight was calculated from analytical data obtained by a slight 
modification of the differential Liebermann-Burchard colorimet- 
ric procedure of Moore and Baumann (13). An aliquot was 
taken to dryness in a micro tube designed for the Klett-Summer- 
son colorimeter, and the absorbancy read for “fast-acting” and 
“slow-acting” sterols after the addition of 1 ml of glacial acetic 
acid and 2 ml of Liebermann-Burchard reagent with the use of 
a 620 my filter at 25°. The weights of the methostenol and 
A’-stenols from combined liver and intestinal tissue were cal- 
culated colorimetrically by the difference in absorbancy between 
a known quantity of an authentic sample of the respective sterol 
and that of the same quantity of authentic sterol added to the 
sterol of natural origin. The weight of cholesterol in combined 
liver and intestinal tissue was determined directly by the Lieber- 
mann-Burchard reaction, and the weight of methostenol, cho- 
lesterol, and the A’-stenol fractions in skin were also determined 
without carrier sterol added. The amount of the 7-dehydro- 
cholesterol present in the latter fractions was determined spec- 
trophotometrically at 281.5 my. To establish the identity and 
the radiochemical purity of the methostenol, the isolated peak 
was separately chromatographed as above with synthetic carrier 
until constant specific activity was obtained (usually within 
three times). The A’-stenol fraction was chromatographed with 


2 Skellysolve C, a petroleum ether fraction, b.p. 90-95°. 
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added A’-cholestenol until a constant specific activity was ob- 
tained. Trace amounts of 7-dehydrocholesterol were not re- 
moved. Cholesterol without carrier added was rechromato- 
graphed and further purified to constant specific activity by 
way of the dibromide (14). 

Preparation of Methostenol-4-C\*—Although biologically la- 
beled methostenol was obtained from the above experiments, 
the total quantity was inadequate for conversion studies. Ac- 
cordingly a source of synthetic C-labeled methostenol was 
prepared by converting cholesterol-4-C™ into methostenol-4-C™ 
by way of 4-C™ labeled 7-dehydrocholesterol, A’-cholestenol, 
A’-cholesten-3-one, and 4a-methyl-A’-cholesten-3-one. The 
starting material was 0.05 me of cholesterol-4-C'** which was 
diluted with 2.0 g of nonisotopic cholesterol. Benzoylation was 
carried out by heating the cholesterol on a steam bath for 1 
hour with 40 ml of benzoyl chloride and 40 ml of dry pyridine. 
After three crystallizations from ethyl acetate, the recovered 
ester melted at 145-147°. The specific activity of the combined 
cholesteryl benzoate (1.9 g) was 30,730 c.p.m. per mg. The 
benzoate was dissolved in 25 ml of dry benzene and 25 ml of 
Skellysolve C in a round bottom flask and brought to reflux 
with stirring while 1.2 g of N-bromosuccinamide was added. 
The reaction mixture was exposed to a heat lamp until it turned 
yellow-green. The flask was cooled in an ice bath, the mixture 
filtered, and the precipitate (7 bromo cholesteryl benzoate) 
washed with cold Skellysolve C. The filtrate was taken to dry- 
ness, dissolved in 25 ml of dry xylene, and the solution added 
dropwise to a mixture of 25 ml of xylene and 10 ml of trimethy! 
phosphite (15) under reflux. After all of the 7-bromo derivative 
had been added, refluxing was continued for 90 minutes. The 
solvents were removed under reduced pressure and the residual 
oil was recrystallized twice from ethyl acetate. The benzoate 
of 7-dehydrocholesterol-4-C" (505 mg) was hydrolyzed by reflux- 
ing with a mixture of 20 ml of benzene and 20 ml of 8% KOH in 
85% ethanol for 2 hours. The recovered sterol was treated with 
digitonin and the resulting digitonide was cleaved with pyridine 
(12). The ether-extractable residue was recrystallized from 
ethyl acetate-methanol until the product melted at 136-137°. 
Spectrophotometric analysis indicated a purity of 89.0%. Its 
specific activity was 30,000 c.p.m. per mg. The 7-dehydrocho- 
lesterol-4-C (170 mg) was hydrogenated in 40 ml of dioxane with 
activated Raney nickel catalyst (16) for 20 hours and the re- 
covered sterol recrystallized from methanol-ethyl acetate, m.p. 
121-122°. Spectrophotometric analysis indicated the absence of 
materials with diene absorption. The specific activity of A’- 
cholestenol-4-C was 27,600 c.p.m. per mg. Nonradioactive 
A’-cholestenol (200.0 mg) was added to 28.8 mg of the isotopic 
material and the resulting mixture was oxidized to A’-cholesten- 
3-one 4-C' by CrOs in dry pyridine (17). The resulting ketone 
(217.5 mg) was recrystallized from ethyl acetate-methanol (1:1), 
m.p. 144-145°. The ketone was methylated with methyl! iodide 
as previously described (3, 4), and the mixed methylation prod- 
ucts (4) were recovered and reduced to the corresponding epi- 
meric alcohols with LiAlH, (3, 4). Treatment with digitonin 
and subsequent cleaving with pyridine (12) yielded the 38-hy- 
droxy sterols which were subjected to chromatography (3, 4). 
The methostenol fractions were pooled and crystallized from 
absolute ethanol, m.p. 143-145°. The specific activity was 
9,630 c.p.m. per mg. 

* Nuclear-Chicago Corporation, Chicago, Illinois. 

‘ Armour and Company, Kankakee, Illinois. 
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Administration of Methostenol-4-C'4\—A solution of methos- 
tenol-4-C™ in 20% Tween-80° was fed by stomach tube to two 
male albino rats (A and B) of the Holtzman strain weighing 
155 and 110 g, respectively. Rat A received 89,700 c.p.m. 
(9.3 mg) and was killed after 6 hours whereas rat B received 
134,000 c.p.m. (12.9 mg) and was killed 24 hours after adminis- 
tration of the sterol. In a control experiment, the liver and the 
small intestine of a normal rat were mixed with 4,000 c.p.m. of 
methostenol-4-C™ and sufficient alcoholic KOH added to sa- 
ponify the mixture. At the time the rats were killed, combined 
liver and intestinal tissue, carcass, and feces were separately 
saponified with alcoholic KOH. The nonsaponifiable fraction 
of each was extracted with ether, the solutions taken to dry- 
ness, and the residues of the combined liver and intestinal tissue 
and the carcass were chromatographed on silicic acid-Celite 
columns (1.8 xX 20 cm) with an elution gradient of benzene- 
Skellysolve C (2:1) as described above. Fractions of 3 to 4 
ml were collected automatically and 0.5-ml aliquots were plated 
on planchets and the C'* was measured with a thin end window 
gas flow counter. 


RESULTS 


Pooled Liver and Intestine—Five minutes after the injection 
of sodium acetate-1-C' (1.1 X 108 c.p.m.), a total of 1,510,450 
c.p.m. were found in the nonsaponifiable fraction of which 
722,450 c.p.m. were located in the digitonin-precipitable sterols. 
The results of the chromatography of the sterol mixture are 
shown in Fig. 1. The most prominent peaks have been desig- 
nated I to VI, in the order of increasing polarity. The com- 
bined Peaks I and II of some preparations could be resolved into 
three peaks. These components were not further investigated 
although two gave a yellow color and the other a faintly pink 
color when subjected to the Liebermann-Burchard reagent. 
Preliminary experiments with authentic methostenol, cholesterol, 
and A’-cholestenol as carriers for chromatography with the 
mixed sterols isolated from acetate-1-C™ injection studies al- 
lowed the tentative identification of Peaks III to V as methos- 
tenol, cholesterol, and A’-cholestenol, respectively. The A’- 
cholestenol was always found to be contaminated with small 
amounts of 7-dehydrocholesterol as judged by spectrophoto- 


5 Polyoxyethylene sorbitan monooleate, Atlas Powder Com- 
pany. 
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TABLE I 


Chromatographic purification of endogenous sterols with 
synthetic carriers 





Specific activity 











Sample* | 
| Methostenol 4?-Cholestenolt 
c.p.m./mg c.p.m./mg 
ne EE SE EE | 69 , 400 354,600 
Endogenous + Carrierf.......... | 500 73,280 
Dilution purification I........... | 339 85,100 
Dilution purification II.......... 344 87,800 
Dilution purification III......... | 86,800 
| 





* Representative data from the combined liver and intestine 
tissue of a rat killed 3 hours after injection of acetate-1-C™. 

t A?7-Cholesten-38-ol + 7-dehydrocholesterol (<1%). 

t For methostenol, 951.0 ug were added to 6.9 ug of endogenous 
sterol, and for A’-cholestenol, 195.0 ug were added to 40.3 ug of 
endogenous sterol. 


TaBLeE II 


Incorporation of acetate-1-C'4* into various sterols of combined liver 
and intestinal tissue of rat, in vivo 








Methostenol Metabolism 














Specific activity — See 
Sterol 
5 Minutes | 3 Hours 5 Minutes 3 Hours 
c.p.m./mg c.p.m./mg % of total % of total 
Methostenol..... 302 ,000 69,400 9.9 1.0 
A’-Fractionf..... 1,270,000 354,600 22.2 4.0 
Cholesterol...... 29,750 33,770 61.2 7.6 





* 0.5 mc of acetate-1-C™ per animal. 
t A?-Cholestenol +: 7-dehydrocholesterol (trace amounts of 
diene present). 


metric analysis. Peak VI has not been identified. Purified 
synthetic methostenol or A’-cholestenol were added to Peaks 
III and V, respectively. When the diluted samples were re- 
chromatographed, the plot of radioactivities closely coincided 
with the weights of the fractions as determined quantitatively 
by the Liebermann-Burchard reaction. Representative data 
for the specific activities of methostenol and A’-cholestenol from 
pooled liver and intestine after several chromatographic separa- 
tions are given in Table I. 

The specific activity of the three sterol fractions isolated from 
pooled liver and intestine are found in Table II. After a 5-min- 
ute interval, the specific activity of methostenol was almost 11 
times that of cholesterol and the A’-cholestenol-7-dehydrocho- 
lesterol fraction had a specific activity 40 times greater than that 
of cholesterol. Three hours after injection of the acetate, 
920,200 c.p.m. were found in the nonsaponifiable matter of 
which 707,000 c.p.m. were attributed to the digitonin precipita- 
ble fraction. The redistribution of radioactivity with time can 
be illustrated by the observation that 5 minutes after the in- 
jection of the acetate, 61.2% of the recovered 36-hydroxy- 
sterol-C™ resided in the cholesterol fraction but at 3 hours, 
87.6% could be found in the cholesterol peak (Table II) whereas 
the percentage of C in methostenol and the A’-sterols declined 
sharply during this period. 

Skin Sterols—The magnitude of the incorporation of acetate- 
1-C" into the skin sterols was considerably less than that ob- 
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served in the pooled liver and intestine. In 5 minutes, 136,600 
c.p.m. were detected in the nonsaponifiable matter and the 
38-hydroxy-sterol fraction contained only 20,500 ¢.p.m. In 
contrast to this, 432,575 c.p.m. were found in the nonsaponifiable 
fraction 3 hours after injection of the isotope, and 219,375 c.p.m. 
were contributed by the digitonin-precipitable sterols. A com- 
parison of the specific activities of methostenol, cholesterol, and 
A’-stenols is shown in Table III. In the skin of both animals, 
methostenol exhibited the highest specific activity, 1,365 c.p.m. 
per mg (17 times greater than that of cholesterol) and 9,870 
c.p.m. per mg (2.6 times greater than that of cholesterol) at 5 
minutes and 3 hours, respectively. The findings with respect 
to the A’-stenol fraction in vivo, are in good agreement with the 
observations of acetate incorporation into the same stenols of 
rat skin in vitro, reported by Brooks and Baumann (7). It is 
interesting to note that whereas the specific activity of methos- 
tenol and A’-cholestenol increased 7 times and 15 times, respec- 
tively, from 5 minutes to 3 hours, the specific activity of choles- 
terol increased 46-fold over the same length of time. 

Conversion of Methostenol-4-C4—In a control experiment, 
C'-methostenol was added to liver and small intestine of a 
normal rat and the mixture saponified. Chromatography of the 
nonsaponifiable matter of this control mixture resulted in a 
single radioactive peak (Fig. 2) containing 3,630 c.p.m. The 
peak coincided with methostenol as determined colorimetrically 
and its specific activity, 905 c.p.m. per mg., indicated a 10-fold 
dilution of C™ by tissue methostenol. Cholesterol isolated from 
this column initially showed the presence of 120 c.p.m. but 
further purification by way of the 5,6-dibromide completely 
removed these traces of radioactivity. The cholesterol had a 
m.p. of 146-147°. The chromatograms of the nonsaponifiable 
matter of the pooled liver and intestine and of the carcass from 
the feeding experiments always revealed two peaks of radio- 
activity (Fig. 2). The recovery of the ingested C can be seen 
in Table IV. The tissues of rat A were found to contain higher 
total radioactivity values than the corresponding tissues of rat 
B. These findings suggest that the absorption of methostenol- 
4-C™ and subsequent conversion to cholesterol and cholesterol 
metabolites (fecal saponifiable fraction) were more advanced at 
24 hours than at 6 hours after administration of the meal. The 
cholesterol fraction of the combined liver and intestine tissue 
of rat A and B contained 6,170 c.p.m. and 2,530 c.p.m., respec- 
tively. The specific activity of cholesterol from liver and in- 
testine was determined after purification by way of the dibro- 
mide (14). Qualitatively, a similar situation was observed in 
the case of the carcass cholesterol, the lower values indicating 


TaBLeE III 
Incorporation of acetate-1-C'4* into various sterols 
of skin of rat, in vivo 


| . ae 
| Specific activity 











Sterol 
| 5 Minutes 3 Hours 
| c.p.m./mg c.p.m./mg 
| ree e | 1,365 9,870 
Pe a | 334 5,183 
Ce ee ee 80 3,700 








* 0.5 me of acetate-1-C" injected intracardially. 
+ A?-Cholestenol + 7-dehydrocholesterol (5 minutes, 8.8%, 
3 hours, 1.7% diene). 
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Fig. 2. Comparison of the elution pattern of the sterols from 
rat liver-intestine pool. O---O represents control (metho- 
stenol-4-C™ added, tissue saponified immediately); @——®, 
methostenol-4-C" given orally, animal killed 24 hours later; Meth, 
methostenol; A5, cholesterol. 


dilution from some endogenous pool of cholesterol, e.g. the brain 
and spinal cord. 

The recovered C" of the saponifiable fraction (presumably in 
the form of water soluble forms of the bile acids or their deriva- 
tives) of rat A feces accounted for 28.6% of the radioactivity 
given while the corresponding value for rat B was 85.7%. 

Properties of Rat Skin Methostenol—In a report by Frantz 
et al. (18), a sterol, m.p. 140-141°, [a], +28° was described 
which was later found to be methostenol accompanied by some 
contaminant (4). We have recently carried out large scale 
isolation of skin sterols which resulted in a preparation of 
methostenol which after chromatography on silicic acid-Celite 
columns in a ratio of 3:1, exhibited a m.p. of 146-147°, [a], 
+3.5°, and an infrared spectrum identical to fecal and synthetic 
methostenol. While the structure of this sterol was unknown, 
metabolic studies with liver slices incubated with radioactive 
acetate were carried out by the Minnesota group which indicated 
that this companion sterol was associated chromatographically 
with a prominent radioactive peak (8). Dr. A. A. Kandutsch, 
who has recently reported the identification of 4a-methyl-A*- 
cholestenol from mice preputial gland tumors (19), has subjected 
a sample of our methostenol isolated from rat skin to chroma- 
tography with a sample of biologically labeled 4a-methyl-A*- 
cholestenol, m.p. 136.5-137.5, [a], +55.2°. The radioactive 
peak just preceded the methostenol but overlapped consider- 
ably. It seems possible that the closely similar chromato- 
graphic behavior and high positive rotation of 4a-methyl-A*- 
cholestenol could account for the contaminant found in the 
early preparations of methostenol from rat skin. 


DISCUSSION 


Although the quantitative distribution of cholesterol and its 
companions in pooled liver and intestine and in the skin of the 
rat are extremely different, the specific members and their path- 
way to cholesterol appear to be qualitatively similar. Although 


5 Private communication. 
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TABLE IV 


Radioactivity of certain sterols isolated after ingestion of 
methostenol-4-C'4 meal by rat* 





Recovery of C* in 




















nonsaponifiable fraction Choles- 
Rat No. Tissue on - 
Total 7. Chelee- activity 
c.p.m. c.p.m. c.p.m. \¢.p.m./mg 
Control Liver-intestine | 3,750 | 3,630 120 0 
A (6 hours) Liver-intestine |14,500 | 4,900 | 6,170 | 199.0 
Carcass 5,400 | 1,760 | 3,040 | 39.9 
B (24 hours) Liver-intestine | 4,024 | 1,270 | 2,530 | 116.0 
Carcass 3,840 630 | 2,950 | 21.7 








* Control tissue saponified with 4,000 c.p.m. 
c.p.m.; Rat B, 134,000 c.p.m. 


Rat A, 89,700 


one can not exclude the possibility that several pathways lead 
from acetate to cholesterol in mammalian tissue, the data re- 
ported here and by others (9) support the view that the A’- 
stenols are participants in a major pathway to cholesterol. One 
of the discrepancies which exists between the known pathways 
involving A’-stenols and pathways involving such sterols as 
zymosterol and desmosterol is the presence of unsaturation at 
C-24 in the latter sterols. The isolation of methostenol which 
still retains a methyl group at C-4 made it seem unlikely that 
saturation of the side chain was a late step in at least one path- 
way of cholesterol biosynthesis. This point has been further 
strengthened by the recent isolation and identification of 4a- 
methyl-A*-cholestenol from mice preputial gland tumors, and 
by evidence for the incorporation of radioactive acetate (19) 
into the 4a-methyl-A*-cholestenol fraction. Saturation of the 
side chain could conceivably occur very early in the chain of 
events which take place between lanosterol and cholesterol. A 
comprehensive evaluation of the position occupied by all sterols 
reported to be precursors of cholesterol is still very difficult at 
this time since chromatographic separation of zymosterol from 
closely related companions is not satisfactory. 


SUMMARY 


Sodium acetate-1-C™ injected into rats intracardially was 
incorporated rapidly into the methostenol of combined liver and 
intestinal tissue and skin of the rat. After the injection, the 
rate of incorporation of C was such that the specific activity 


- of methostenol was 11 and 3 times that of cholesterol in 5 min- 


utes and 3 hours, respectively. 
Synthetic methostenol-4-C“ administered orally was quickly 
absorbed by the rat and efficiently converted to cholesterol. 


Acknowledgment—We wish to acknowledge the competent 
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The family of snakes Boidae, comprising pythons and con- 
strictors, all have in their bile pythocholic acid (3a,12a, 16a- 
trihnydroxycholanic acid) a bile acid peculiar to these reptiles. 
The occurrence of this acid was discovered in 1950 by Haslewood 
and Wootton (1) and the elucidation of its structure was an- 
nounced the following year by the same authors (2), who reported 
that the content in bile of pythocholic acid varied in different 
Boidae from 30 to 90% of the total bile acids. Cholic acid was 
also identified in some instances. The bile acids occurred in bile 
conjugated with taurine. 

Our interest in the metabolism of bile acids in these snakes, and 
especially in the formation of pythocholic acid, arose from the 
results of recent investigations in this laboratory on the metabo- 
lism of bile acids in different species. 

It has been demonstrated that the composition of the entero- 
hepatically circulating bile reflects the intimate interaction be- 
tween the enzymes of the liver and those of the intestinal micro- 
organisms in the elaboration of the bile acids typical for the 
species in question. The first evidence for this was provided by 
Lindstedt and Sjévall (3), who demonstrated that in rabbit the 
cholic acid synthesized in the liver is transformed into deoxy- 
cholic acid through elimination of the hydroxy] group at C-7 by 
the action of intestinal microorganisms. Subsequently the same 
reaction was shown to occur in man (4) and in the rat (5-7). 
An analogous reaction, viz. the microbial formation of hyodeoxy- 
cholic acid from hyocholic acid, takes place in the pig (8). Only 
in the rat (9) and apparently also in the mouse (10) has there 
been demonstrated a further modification of the microbially 
formed dihydroxycholanic acid. In these species the liver rap- 
idly hydroxylates the deoxycholic acid back to cholic acid, ex- 
plaining the virtual absence of the former acid in bile. 

These findings have led to the following conclusions concerning 
the general pattern of bile acid synthesis and metabolism. In all 
species so far investigated the “primary” bile acids, i.e. those 
synthesized in the liver from cholesterol and appearing in a bile 
fistula after the circulating pool has been excreted, have a hy- 
droxyl group in the 7a-position of the molecule. Since 7a-hy- 
droxycholesterol is rapidly converted to cholic acid in the rat 
(11), it is likely, that one of the earliest steps in the degradation 
of cholesterol is a hydroxylation in the 7a-position. Since the 
“primary”’ bile acids consist in most instances of chenodeoxy- 
cholic acid (3a,7a-dihydroxycholanic acid) and cholic acid (3a, 
7a,12a-trihydroxycholanic acid), a 12a-hydroxylation follows 

* Present address, Department of Biochemistry, University of 
Hiroshima Medical School, Hiroshima, Japan. 


and apparently occurs before the side chain oxidation. In the 
pig, however, a 6a-hydroxylation occurs with the formation of 
hyocholic acid (3a ,6a ,7a-trihydroxycholanic acid). During the 
enterohepatic circulation of bile the trihydroxylated bile acid 
may lose the 7a-hydroxy] group by the action of intestinal micro- 
organisms yielding deoxycholic acid from cholic acid and, in the 
case of the pig, hyodeoxycholic acid from hyocholic acid. In 
most of the cases studied the deoxycholic acid thus formed is 
not further modified by liver enzymes. In the case of the rat 
and the mouse, however, it is rehydroxylated to cholic acid. 

Since the Boidae snakes have as one of their main bile acids 
pythocholic acid (3a, 12a, 16a-trihydroxycholanic acid), which is 
lacking a substituent at C-7, it was of interest to ascertain 
whether or not the formation of bile acids in this species followed 
a pathway different from that found in mammals, or if pytho- 
cholic acid was a “secondary” acid arising from a “primary” C-7- 
substituted acid by microbial action. 


EXPERIMENTAL 


Labeled Compounds—Cholic, chenodeoxycholic and deoxy- 
cholic acids-24-C™ were synthesized according to Bergstrém et al. 
(12) by Dr. Arne Norman. Cholic acid-78-H* was prepared by 
NaBH*, reduction of 7-ketodeoxycholic acid as described by 
Bergstrém et al. (13). Cholesterol-4-C™ was obtained from the 
Radiochemical Centre, Amersham, England. Cholesterol-6a-H# 
was synthesized by Dr. Bengt Samuelsson of this laboratory (14) 
and kindly put at our disposal by him. 

The labeled bile acids were administered as sodium salts in 
0.9% sodium chloride and the cholesterol as an aqueous emulsion 
with 1% bovine serum albumin in 0.9% sodium chloride. 

Isotope Determination—Chromatographic effluents and samples 
of cocrystallization experiments were counted as infinitely thin 
layers in a proportional gas flow counter, Frieseke-Hoepfner, 
Erlangen, West Germany. When both tritium and C™ were 
present in the isolated bile acids, these isotopes were determined 
by gas phase counting according to Glascock (15). 

Animal Experiments—Both normal and bile fistula Boidae 
snakes were used. The normal snakes were a python and a 
constrictor (boa), each about 3 m in length. The snakes, which 
had had no food for 1 to 2 weeks to ensure a good appetite, re- 
ceived the isotope in their food. Guinea pigs or rats were given 
intraperitoneal injections of the labeled compounds and offered 
dead or alive to the snakes. The python, preferring his food 
freshly killed, usually swallowed the animals within half an hour. 
In the case of the boa, which accepted only live food, the guinea 


983 








984 


pigs were caught and consumed less than 2 hours after being 
injected. 

The risks for erroneous results in this case, due to the possible 
metabolic activity of the guinea pig, seem small because the iso- 
tope administered in this case was cholesterol-4-C“ (which in 
such a short time is catabolized maximally a few %; and, further, 
the metabolism of cholesterol to bile acids in the guinea pig is 
known (16). The bile acids from these snakes were isolated 
from feces, which were collected in ethanol. 

The two snakes with bile fistulas were pythons, 1.5 m and 2.1 
m long, obtained from Peter Jenkner, Brucher Hart 33, Essen- 
Bredeney, West Germany. To these animals the isotopes were 
administered intravenously just before closure of the abdominal 
wall. 

Preparation of Bile Fistulas—Anesthesia of the snakes was 
achieved by cooling the animals first 30 minutes at 0° and then 
at —15° as long as required, usually 30 to 60 minutes. Opera- 
tions were performed at a temperature as low as 0°, since the 
animals easily woke up at 8°. The gall bladder is found near a 
place one-third the total length of the snake measured from the 
tail end. Apparently, experience with bile fistulas in snakes is 
limited; therefore, we have made a rather detailed report also 
of our failures. 

On the first snake the common bile duct was cannulated with a 
polyethylene tubing after emptying the gall bladder into the in- 
testine by squeezing it. The snake was kept in a thick walled 
plastic hose, which was nailed to a grooved wooden board. The 
amount of bile that flowed in the subsequent 24-hour period was 
not more than about 1 ml; the isotopic content of which, however, 
was sufficient for analyses. In order to explore other possibilities 
of obtaining a regular flow from a bile fistula comparable to that 
in other animals, the snake was operated upon again. This 
time the common bile duct was tied off just after leaving the gall 
bladder, the old cannula was removed and a new one inserted in 
the gall bladder. The snake was then put back into its restrain- 
ing arrangement, but no bile flowed during the following 3 days. 
The snake was then operated on once more and this time a fine 
polyethylene cannula was inserted into the thin hepatic bile 
duct, but no flow of bile was achieved. During each of these 
operations 0.9% sodium chloride solution was injected into the 
intestine to stimulate the bile flow. After this third operation 
the snake was killed. 

It was thought that the restraining of the snake might be the 





cause of the limited flow of bile from the fistula. Accordingly, 
pm. x10? 
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25 50 75 100 125 (x4) mt effluent 


Fic. 1. Chromatographic separation of the hydrolyzed bile 
acids from feces of boa after oral administration of cholesterol-4- 
C™“. Column, 18 g of Hyflo Super-Cel; Phase System C1; solid 
line, titration values; broken line, radioactivity. 
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another method of collecting bile in vivo was tried on the other 
snake. The common bile duct was ligated and the gall bladder 
was emptied with a syringe and then rinsed out twice with 0.9% 
NaCl. The abdominal wall was closed and the snake put back 
in its cage, with full freedom of movement. One day later the 
snake was opened and the gall bladder again emptied and washed. 
This procedure was repeated twice. The last time hardly any 
bile was found in the bladder and the gall bladder, the hepatic 
bile duct and the liver were then excised. Although these two 
cases did not yield anything like normal bile flow, the amount of 
isotope excreted was sufficient for analyses. 

Analyses of Bile Acids from Feces and Bile—The feces were 
extracted with 5 to 10 times their weight of boiling 95% ethanol 
until the extract was free of radioactivity (8 to 5 times, 1 hour 
each time). The extracts were saponified with Nn NaOH in 
closed steel tubes for 8 to 12 hours at 120°. The saponification 
mixtures were acidified and extracted twice with ether. The 
ether extracts were combined, washed with water until neutral, 
and concentrated under reduced pressure. The same saponifi- 
cation and extraction procedure was applied to bile. The 
extracts were then subjected to reversed phase partition chroma- 
tography with the use of the solvent systems described by Berg- 
strém, Norman, and Sjévall (5, 17-19). The following phase 
systems were used. 

Phase 


system Moving phase ml Stationary phase ml 
C1 Methanol-water 150:150 Chloroform-isooctanol 15:15 
C2 Methanol-water 144:156 Chloroform-isooctanol 15:15 
Fl Methanol-water 165:135 Chloroform-heptane 45:5 
F2 Methanol-water 180:120 Chloroform-heptane 45:5 


Hydrophobic Hyflo Super-Cel and Hostalene, prepared as de- 
scribed by Sjévall (19) and Bergstrém e¢ al. (8), were used as 
supporting material for the stationary phase. Chromatograms 
were run at a constant temperature of 23°. The effluent was 
titrated with methanolic 0.02 n NaOH and suitable aliquots were 
assayed for radioactivity. 


RESULTS 


Oral Administration of Cholesterol-4-C“ to Intact Constrictor— 
Two guinea pigs were given intraperitoneal injections of 50 ue 
(0.8 mg) of cholesterol-4-C“ each and then fed to the snake. 
Feces were collected for the following 2 months (3 fractions). 
The bile acids were isolated as described in “Experimental” and 
chromatographed with Phase System C1 (Fig. 1). The first 
titration peak is eluted at the place of pythocholic acid and the 
second titration peak has the same elution volume as a dihydroxy- 
monoketo-C»-bile acid. The curve for radioactivity has the 
same general appearance as the titration curve with the excep- 
tion that the main peak of radioactivity starts with a broad 
shoulder. By rechromatography of this fraction a distinct peak 
could be obtained that was eluted before the pythocholic acid. 
The identification of this material was not pursued. This la- 
beled compound was absent from chromatograms of fecal bile 
acids from snakes to which labeled cholic or deoxycholic acid had 
been administered. The main radioactive compound was identi- 
fied as pythocholic acid by conversion to the lactone by the 
method of Haslewood and Wootton (1, 2) and determination of 
the mixed melting point (268-271°) with authentic pythocholic 
lactone (270°-271°). The infrared spectra of the two compounds 
were in good agreement. The third labeled compound (85 to 
120 ml of effluent) has not yet been conclusively identified, but 
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Fia. 2. Curve A, chromatography of labeled material retained in the stationary phase of the column shown in Fig. 1. 


Column, 9 


g of Hyflo Super-Cel; Phase System F2. Curve B, rechromatography with unlabeled 12-ketolithocholic acid of the second radioactive 
peak shown in Curve A. Column, 4.5 g of Hyflo Super-Cel; Phase System F1. 
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Fia. 3. Chromatographic separation of the lactonized labeled 
material in the trioxy fraction of fecal bile acids from the python 
that had been fed cholic acid-78-H®, 24-C'. Column, 4.5 g of 
Hyflo Super-Cel; Phase System F1. 


it has the same chromatographic properties as 3a, 12a-dihydroxy, 
16-ketocholanic acid and does not form a lactone. A positive 
identification by isotope dilution has not been possible due to 
lack of sufficient amounts of unlabeled material. This unknown 
compound, called Acid III, is also found in feces after oral ad- 
ministration of cholic and deoxycholic acid but is absent from 
bile. 

Some of the isotope in the original fecal bile acid extract was 
retained in the stationary phase of the column and this eluate 
was chromatographed on Phase System F2 (Curve A, Fig. 2). 
The radioactivity is distributed between two peaks having the 
elution volumes of deoxycholic and 12-ketolithocholic acid, re- 
spectively. Curve B (Fig. 2) shows a chromatogram of the 
second radioactive peak with authentic 12-ketolithocholic acid. 
The identity of the labeled compounds with deoxycholic and 
12-ketolithocholic acid, respectively, was established by isotope 
dilution. Both these acids have been isolated in this laboratory 
as minor components of bladder bile of an Indian python. 

Oral Administration of Cholic Acid-7B-H*, 24-C“ to Intact 
Python—Fifteen microcuries (30 mg) cholic acid-78-H® and 9 
ue (3 mg) cholic acid-24-C" were administered intraperitoneally 
to a rat, which was killed immediately and fed to the snake. 
The fecal bile acids were chromatographed first with Phase Sys- 
tem Cl to separate trihydroxy and dihydroxy monoketo acids 
from dihydroxy and monohydroxy monoketocholanic acids. The 
trihydroxy bile acid fraction was then lactonized and chroma- 
tographed on Phase System F1 (Fig. 3). The isotopic material 
eluted at the beginning of the chromatogram was rechromato- 
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Fig. 4. Chromatography of the dihydroxy fraction of fecal bile 
acids from the python-fed cholic acid-76-H’, 24-C'. Column, 9 g 
of Hyflo Super-Cel; Phase System F2. 


graphed on Phase Systems Cl and C2 and was found to have 
the same chromatographic properties as the unknown acid re- 
ferred to as Acid III. The second radioactive peak, appearing 
at the location of pythocholic lactone, was identified as this lac- 
tone by isotope dilution. The ratio of tritium to C™ in the 
pythocholic lactone was 0.6, compared to 1.1 in the administered 
doubly labeled cholic acid, t.e. 54% of the tritium was retained 
in the formation of pythocholic acid. 

The dihydroxy bile acid fraction was rechromatographed with 
Phase System F2 (Fig. 4) and the two labeled products with 
peaks at 24 and 40 ml of effluent, respectively, were identified as 
deoxycholic and 12-ketolithocholic acid, respectively, by crystal- 
lization with carrier to constant specific activity. The percent- 


age of tritium retained in the deoxycholic acid and in the 12- 


ketolithocholic acid was 39%. This retention of tritium in the 
deoxycholic acid (39%) is considerably less than that (90%) ob- 
served in the deoxycholic acid formation from doubly labeled 
cholic acid in the intact rabbit (13). 

Oral Administration of Deoxycholic Acid-24-C™ to Intact Python 
—The python used in this experiment was the same one used in 
the previous experiment. About 4 months after the administra- 
tion of the labeled cholic acid, when no appreciable amount of 
isotope was excreted in feces, the snake was fed a guinea pig that 
had been given an injection of 10 we (1.5 mg) of deoxycholic 
acid-24-C“, The analytical procedure was the same as in the 
previously described experiment with labeled cholic acid. After 
separation of the fecal bile acids into trihydroxy and dihydroxy 
bile acid fractions by chromatography on Phase System C1, the 
trihydroxy fraction was lactonized and chromatographed on 
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Fic. 5. Curve A, chromatographic separation of the lactonized labeled material in the trioxy fraction of fecal bile acids from py- 


thon fed deoxycholie acid-24-C". 


Column, 4.5 g of Hostalene; Phase System F1. 


Curve B, rechromatography with unlabeled 


cholic acid of the first radioactive peak shown in Curve A. Column, 4.5 g of Hyflo Super-Cel; Phase System C2. 
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Fic. 6. Curve A, chromatography of the labeled material in 
hydrolyzed bile from the python after intravenous administration 
of deoxycholic acid-24-C™%. Column, 4.5 g of Hostalene; Phase 
System Cl. Curve B, rechromatography after lactonization of the 
radioactive band shown in Curve A. Column, 4.5 g of Hostalene; 
Phase System F1. 


Phase System F1 (Curve A, Fig. 5). The first peak was re- 
chromatographed with unlabeled cholic acid (Curve B, Fig. 5) and 
the main part of the radioactivity was eluted shortly after the 
cholic acid. This labeled compound showed on rechromatogra- 
phy the same properties as the unknown Acid III. The radio- 
activity appearing at the beginning of the cholic acid peak was 
found to be pythocholic acid that had escaped lactonization. 
The second radioactive compound in Curve A of Fig. 5 was 
identified as pythocholic lactone. 

The dihydroxy fraction was found to consist of deoxycholic 
and 12-ketolithocholic acid identified by rechromatography with 
Phase System F1 and subsequent isotope dilution. 

Intravenous Administration of Deoxycholic Acid-24-C™ to Bile 
Fistula Python—Deoxycholic acid-24-C™, 10 we (1.5 mg), were 
injected into the portal vein of a python provided with a bile 
fistula. The bile collected from the fistula (about 1 ml) was 
saponified and chromatographed on Phase System C1. All ra- 
dioactivity was present as a trihydroxy bile acid (Curve A, Fig. 
6) and practically no unchanged deoxycholic acid could be re- 
covered. The trihydroxy bile acid was lactonized and chroma- 
tographed on Phase System F1 (Curve B, Fig. 6) and found to 
have the same elution volume as pythocholic lactone. The 
identity of the labeled compound with pythocholic lactone was 
established by isotope dilution. 

Intravenous Administration of Cholesterol-Ga-H* and Cheno- 
deoxycholic Acid-24-C' to Python with Ligated Common Bile Duct 
and Drainage of Gall Bladder—Cholesterol-6a-H?', 160 uc (3 mg), 
plus 20 we (2 mg) of chenodeoxycholic acid-24-C™ were injected 
intravenously into the python with ligated common bile duct. 
The first bile collected from the gall bladder contained hardly 
any isotope, but in the second fraction obtained 48 hours after 
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Fia. 7. Chromatography of the hydrolyzed bile of the python 
injected intravenously with chenodeoxycholic acid-24-C™ and 
cholesterol-6a-H*. Unlabeled cholic acid has been added as car- 
rier. Column, 4.5 g of Hyflo Super-Cel; Phase System C2. 


injection, there were sufficient amounts of isotope for analyses. 
The saponified bile was first chromatographed, together with un- 
labeled cholic acid, with Phase System C2 (Fig. 7). All the 
isotope eluted in this chromatogram was found within the cholic 
acid band. The radioactivity retained in the stationary phase 
was chromatographed together with unlabeled chenodeoxycholic 
acid with Phase System F1 and was found to coincide with the 
titration curve of chenodeoxycholic acid. The identity of the 
labeled products with cholic and chenodeoxycholic acid, re- 
spectively, was confirmed by isotope dilution. No evidence for 
the formation of other labeled bile acids could be obtained. 
Determinations of the content of C“ and tritium in the isolated 
cholic and chenodeoxycholic acid demonstrated that there was 
tritium and Cin both acids. The amount of tritium was com- 
paratively low in both acids, 20 to 25 c.p.m. per mg, but analyses 
of cholic and chenodeoxycholic acids isolated from the third sam- 
ple of bile, as well as from the liver, confirmed the presence of 
tritium in both these acids. 


DISCUSSION 


The results of the present investigation on the formation and 
interconversion of bile acids in Boidae snakes can be summarized 
(Fig. 8). 

The labeled bile acids recovered from feces after oral adminis- 
tration of labeled cholesterol, cholic acid, or deoxycholic acid 
were in each instance the same: pythocholic acid, Acid III (pos- 
sibly 3a,12a-dihydroxy, 16-ketocholanic acid), deoxycholic acid, 
and 12-ketolithocholic acid. The formation of deoxycholic acid 
from cholic acid has been encountered in several mammalian 
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Fig. 8. Scheme for the formation and metabolism of bile acids 
in python. — = reactions caused by liver enzymes; ~~— = re- 
actions caused by intestinal microorganisms. J, cholesterol; 
II, chenodeoxycholic acid; III, cholic acid; IV, deoxycholic acid; 
V, 12-ketolithocholic acid; VI, pythocholic acid. 


species, man (4), rat (5-7), rabbit (3, 13), and this reaction has 
been shown to be effected by intestinal microorganisms only. 
The presence of labeled 12-ketolithocholic acid can be explained 
by a microbial oxidation of the 12a-hydroxyl group of deoxy- 
cholic acid, a reaction that has been established to occur in the 
rat (5). 

Since labeled pythocholic acid was formed in all three experi- 
ments, it may be concluded that the most probable substrate 
for the 16a-hydroxylase was deoxycholic acid, because this acid 
was a common metabolite of both cholesterol and cholic acid. 

The mechanism of the formation of deoxycholic acid from 
cholic acid has been studied earlier in the rabbit (13) and in the 
rat (6) with the use of cholic acid-78-H®, 24-C™ and it has been 
demonstrated that about 90% of the tritium label was retained 
in the deoxycholic acid. In this single experiment in the present 
investigation the tritium retention in the deoxycholic acid iso- 
lated from feces after administration of cholic acid-78-H?, 24-C™ 
was 39% and the same amount of tritium was present in the 
deoxycholic acid metabolite 12-ketolithocholic acid. The per- 
centage of tritium retained in the pythocholic acid (54%) was 
of a comparable order of magnitude. This retention of tritium, 
39 to 54%, is lower than that observed in the experiments with 
rabbits and rats, possibly indicating that in the python consider- 
ably more of the cholic acid is transformed into deoxycholic acid 
via the intermediate [possibly reversible (20)] formation of 7- 
ketodeoxycholic acid. This finding should, however, not be 
emphasized too much, since the differences in the intestinal flora 
in different pythons may be considerable. 

Conclusive information on the mode of formation of pytho- 
cholic acid was obtained by the experiments with bile fistula 
snakes. After intravenous administration of deoxycholic acid- 
24-C'4, labeled pythocholic acid was the only radioactive product 
that could be isolated from bile. Cholesterol, on the other hand, 
was metabolized to chenodeoxycholic acid and cholic acid in the 
bile fistula snake and no evidence for the presence of labeled 
pythocholie acid or a tetrahydroxy bile acid could be obtained, 
demonstrating that the substrate for the 16a-hydroxylase in the 
liver is indeed deoxycholic acid. Chenodeoxycholic acid was 
converted in the bile fistula snake to cholic acid and since tritium 


1The detailed mechanism of this reaction has recently been 
elucidated by Samuelsson (20) with the aid of cholic acid-6a,68, - 
88,H, 24-C!4, and it has been shown that the microbial elimina- 
tion of the 7a-hydroxyl group occurs through a dehydration reac- 
tion with the intermediate formation of a A®-cholenic acid, which 
is subsequently reduced to deoxycholic acid. 
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was present in chenodeoxycholic acid after administration of 
tritium-labeled cholesterol, this acid is a likely normal intermedi- 
ate in the synthesis of cholic acid from cholesterol in these ani- 
mals. 

It is evident from these results that the metabolism of bile 
acids in these snakes follows the same general pathway found in 
mammals, 7.e. cholesterol is degraded in the liver to cholic acid 
(in this case via chenodeoxycholic acid) and the “primary” bile 
acids thus all contain a hydroxyl group at C-7. The cholic acid 
formed in the liver is microbially dehydroxylated to deoxycholic 
acid. The deoxycholic acid thus formed is then rapidly 16a- 
hydroxylated in the liver to pythocholic acid, a reaction that 
takes place in these snakes only when the 7a-hydroxyl group is 
absent. This last mentioned reaction is thus a characteristic of 
the Boidae snakes. 

SUMMARY 

1. After oral administration of cholesterol-4-C™, cholic acid- 
7B-H®, 24-C', or deoxycholic acid-24-C™“ to normal python and 
constrictor snakes, the main metabolite found in feces was in all 
instances pythocholic acid (3a, 12a, 16a-trihydroxycholanic acid) 
and, in addition, deoxycholic and 12-ketolithocholic acid were 
identified. 

2. Intravenous administration of cholesterol-6a-H*, cheno- 
deoxycholic acid-24-C", and deoxycholic acid-24-C™ to snakes 
with bile fistulas gave the following results. (a) Cholesterol was 
metabolized to chenodeoxycholic acid and cholic acid; (b) cheno- 
deoxycholic acid was metabolized to cholic acid; (c) deoxycholic 
acid was the only compound that yielded pythocholic acid. 

3. The bile acid metabolism of these snakes thus follows the 





. , liver 
same general pattern as in mammals, 7.e. cholesterol = 
: intestinal - : ; 
cholic acid : : > deoxycholic acid. A family 
microorganisms 


specificity is, however, the final 16a-hydroxylation of the deoxy- 
cholic acid, which is formed in the intestine from the “primary” 
bile acid, cholic acid. 
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It has been known since before 1870 (1) that collagen swells 
in dilute acetic acid, loses its fibrillar appearance, and eventually 
dissolves, in part, to yield a viscous solution. If the temperature 
of this solution is raised steadily, its viscosity decreases, at first 
slightly, then sharply, a phenomenon which occurs between 13° 
and 40°, depending on the type of collagen (2). Physical meas- 
urements of this relatively nonviscous dissolved collagen and the 
sudden process producing it, have been undertaken only within 
the last several years, and include sedimentation studies, vis- 
cometry, osmometry, light scattering, polarimetry, and electro- 
phoresis (2-8). Several workers (2, 6-8) have shown that 
warmed dissolved collagen consists of more than one molecular 
species. ; 

Attempts at detailed examination of the chemical and physical 
characteristics of these components have been hindered by the 
inability to isolate them adequately. The techniques (9-13) 
used to fractionate those substances known commercially as “gel- 
atin’””—collagens more or less drastically treated with acids or 
alkalies—do not seem satisfactory for this purpose. Ion ex- 
change chromatography (13) requiring sodium hydroxide is 
drastic for the study of primary structure; as for other methods, 
Orekhovich and Shpikiter (14) found alcohol precipitation (9, 10) 
and coacervation (11, 12) unsatisfactory for the separation of the 
components demonstrated by ultracentrifugation of solutions 
of collagen treated with hydrogen bond-breaking agents. We 
have now developed a method which we find satisfactory and 
have succeeded in chromatographing dissolved, gently heated rat 
tail tendon collagen into at least four components. The method 
involves gradient elution chromatography on warmed carboxy- 
methyl cellulose columns, under mild conditions of pH and low 
salt concentrations. 

EXPERIMENTAL 

Preparation of Collagen Solutions—Pathogen-free male rats of 
the Walter Reed strain weighing 300 + 10 g were used as the 
source of tendons. Each animal was deeply anesthetized with 
ether, the tail was cut off at its base, stroked several times to re- 
move blood and then skinned. It is easy to pull away several 
tendons at one time from the rest of the tail by pinching the dis- 
tal tips of the shiny tendons with a hemostat. ) 

This process was repeated halfway to the base of the tail. The 
tendons of one tail were then cut into 1-em pieces, directly im- 
mersed in 100 ml of chilled 0.16 or 0.2 m sodium chloride and 
shaken slowly for 18 hours at 4°. This sodium chloride extract 
was discarded, and the tendons were washed with 5 portions of 
chilled distilled water; each rinse was 50 ml and lasted 5 to 10 


seconds. After the addition of 35 ml of acetic acid of specified 
concentration to 240 mg of wet tendon, the mixture was allowed 
to stand in a tightly stoppered Erlenmeyer flask at room tem- 
perature (20°-24°) for 24 hours (Experiment 1), or for other spec- 
ified times, centrifuged at 18,000 r.p.m. for 15 minutes, and fil- 
tered under vacuum through a medium (10 to 15 uw pore size), 
sintered glass funnel. The result was a clear viscous solution, 
which was usually chromatographed immediately, although no 
changes were detected in chromatographic patterns of solutions 
left 4 months at 4°. Experiments performed on preparations 
(0.1 m and 1.0 m acid) kept at 4° during the initial 24 hours of 
solubilization yielded results not noticeably different from prep- 
arations solubilized at room temperature. 

Chromatographic Procedure—The carboxymethy] cellulose was 
prepared from Whatman 200 mesh wood pulp cellulose by the 
method of Peterson and Sober (15). Titration, carried out as 
described by these authors, showed 0.73 mmole carboxyl groups 
per gram of material. 

Columns were 0.9 cm in diameter and jacketed for water circu- 
lation allowing precise control of the 40° temperature required 
for the chromatography. The absorbent was poured to a final 
height of 7 cm from a slurry made of the carboxymethyl cellulose 
and a solution which was 0.2 m with respect to sodium hydroxide 
and 0.5 M with respect to sodium chloride. Longer columns gave 
no better resolution than one of this height. 

After the column had packed by gravity, it was washed with 
the starting buffer until the effluent was no longer basic, and then 
with about 4 ml of distilled water, and allowed to become dry at 
the top. Collagen solution, 1.5 ml, containing about 0.5 mg of 
nitrogen was applied to the heated column (40°) at this time. 


_ This was the first time that the collagen solution was subjected 


to a temperature higher than 20°-24°. The sample was allowed 
to run into the adsorbent, covered with 4 ml of initial buffer, and 
the elution gradient process was started. 

The elution gradient arrangement had, as its lower section, an 
Erlenmeyer flask fitted with a side arm, so that its volume up to 
this side arm was 160 ml. The top section was a 250-ml sepa- 
ratory funnel with a long stem which could reach almost to the 
bottom of the Erlenmeyer flask. The two vessels were connected 
with a one-hole rubber stopper, and the contents of the lower 
flask were stirred with a magnetic stirrer. 

The lower solution was 0.05 m with respect to sodium chloride 
and 0.05 m with respect to sodium dihydrogen phosphate. The 
upper (separatory funnel) solution was 0.14 m and 0.05 m with 
respect to the same salts. Deviations from these specifications 
resulted in poor resolution. 
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crease of sodium ion is nearly linear for the major portion of the 
chromatogram. 


The side arm of the Erlenmeyer flask was connected to the 
column with rubber tubing. If this connection was tight, an air 
space could be maintained above the column, and the eluting so- 
lution lying on the adsorbent never reached a volume of more 
than 4or5 ml. The increase of sodium ion in the elution gradi- 
ent process is shown in Fig. 1. It is nearly linear for most of its 
course, reaching a maximum of 0.165 m sodium ion at the end of 
the chromatographic process. 

Two-milliliter fractions were collected at a flow rate of 28 ml 
per hour; each run took about 7 hours. Slower flow rates gave 
slightly sharper peaks, whereas faster chromatographic runs were 
increasingly less resolved as flow increased. Recovery of col- 
lagen from the columns in one experiment in which all the frac- 
tions were combined; with Kjeldahl nitrogen as an index, was 
104%. When only those tubes were combined for Kjeldahl anal- 
ysis which contained the fractions identified by the Folin reagent, 
recovery ranged between 80 and 94%. 

Analythical Methods—A modification of the Folin method was 
used for the analysis of the effluent fractions. Although it is un- 
likely that it gives comparable results for protein molecules of 
different sizes or types, the Folin method is applicable where the 
aim is comparison of shapes and sizes of equivalent peaks from 
successive runs of the same material. Our procedure was essen- 
tially that of Lowry et al. (16). The stable solutions (a) 10% 
hydrated copper sulfate and (b) 1% sodium potassium tartrate 
in water were combined just before use, and then added to (c) 

% sodium carbonate in 0.2 mM sodium hydroxide. The solutions 
(a, b, and c) were in the ratio 1:10:500. Five milliliters of the 
solution were added to each 2 ml] of sample and the mixture 
was shaken, allowed to stand 10 minutes at room temperature, 
and then treated with 0.5 ml of commercial Folin’s reagent 
(Fisher Scientific Company) which had previously been diluted 
1:1 with distilled water. After color development for 30 minutes 
at room temperature, light absorption was measured at 750 mu 
with a Bausch and Lomb Spectronic 20. The method is sensi- 
tive to 10 ug of protein, but for the reasons mentioned above, we 
have not presented our chromatographic data in concentration 
terms. 

For total nitrogen, samples were digested with concentrated 
sulfuric acid and a copper sulfate catalyst for 16 hours (17), dis- 
tilled into boric acid, and analyzed with Nessler’s reagent. 
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Amino acid analyses, with the exception of hydroxyproline, 
were performed by the chromatographic method of Moore et al. 
(18) on columns of Amberlite [R-120, and determined quantita- 
tively by the method of Rosen (19). Hydrolyses were carried 
out in sealed tubes with 6 N hydrochloric acid, at 110° for 16 
hours. The hydrochloric acid was evaporated with a stream of 
alr. 

Hydroxyproline was measured by the Neuman-Logan method 
(20), itself a modification of the method of Langheld (21). Our 
results were reproducible to +2%. 


RESULTS 


Ultracentrifugation—The acetic acid solutions of collagen were 
centrifuged in the cold after 24-hour dialysis against acetic acid 
of the same strength; sedimentation patterns showed only one 
component (kindly performed by Mr. Edward Kline, Armed 
Forces Institute of Pathology, Walter Reed Army Medical 
Center). Fig. 2 shows a representative picture from the 0.1 m 
acetic acid solution. 

Chromatography—Fig. 3 shows the chromatographic elution 
patterns of tendon collagen solutions ranging from 1.0 m down 
to 0.005 m with respect to acetic acid. A forepeak (or forepeaks) 
and three incompletely separated components are consistent fea- 
tures of all the chromatograms; the material in these last three 
peaks of all chromatograms was not ultrafilterable through cel- 
lulose (Visking, with two atmospheres of nitrogen), and upon 
hydrolysis yielded all the amino acids found in unfractionated 
collagen. There is a single forepeak in the more dilute acetic 
acid solutions; at higher concentrations of acetic acid, larger 
amounts ot material are chromatographed in the forepeaks which 
now assume varying patterns (Fig. 3). The forepeaks of the 
0.005, 0.05, 0.10, and 0.25 M acetic acid solutions were composed 
of low molecular weight material; these isolated fractions were 
completely filterable through Visking cellulose. Preliminary at- 
tempts at fractionation of the 0.1 m acetic acid forepeak on 
Amberlite [R-120 showed that it is multicomponent. 

The forepeaks from the 0.50, 0.60, 0.75, and 1.00 m acid 
solutions could not, for the most part, pass through the ultrafilter 
(only 8% for the forepeak of the 1.0 m solution passed through). 
Thus, the concentration of acetic acid near 0.25 m represents a 
critical one, at, or above which, major changes occur in the dis- 
solved collagen, which are reflected in the chromatograms by a 
progressive increase in the “forepeak.” Reference to Table I, 
column 4, shows this clearly. The “forepeak” comprises only 
0.8% of the total in the 0.05 m solution, but 88% of the total 
in the 1.0m. Hydroxyproline content of the forepeak(s) is an- 
other interesting feature of these chromatograms. Column 5 of 
Table I shows that the “‘classical” hydroxyproline content of col- 
lagen is approached (although not reached) only in those solu- 
tions above 0.25 m. A study of the amino acid composition of 
the various forepeaks is now underway. Results of analysis of 
the 0.1 mM preparation are shown in Table II. 

Since the acid concentrations had so marked an effect on the 
components produced when dissolved rat tail collagen was chro- 
matographed at 40°, we thought it important to determine 
whether they might also be influenced by the length of time the 
tendons were in contact with the acid. An experiment was per- 
formed with 0.1 m acetic acid allowed to remain in contact with 
the tendons for varying times, from 10 minutes up to 148 hours 
at room temperature. Aside from a slight regular increase in the 
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Fic. 2. Sedimentation pattern of 0.13% rat tail tendon collagen in 0.1 N acetic acid obtained with a model E Spinco analytical ul- 
tracentrifuge, at 59,780 r.p.m., between 23.0° and 23.6°, and a bar angle of 50°; picture was obtained 160 minutes after rotor reached 


top speed. There were no fast moving components. 
total amount of collagen dissolved, the chromatograms were es- 
sentially identical. 

In all the chromatograms, the cold collagen solutions were first 
heated to 40° when they were applied to the columns, that tem- 
perature being maintained during the 7-hour runs. A third se- 
ries of experiments was performed to determine the effect, if any, 
of this temperature alone on the chromatographic pattern. Ten- 
dons were solubilized in 0.1 M acetic acid as before, and 
the solution kept sterile in a test tube at 40° for 78 hours. Chro- 
matography was performed on aliquots at 6-hour intervals in the 
usual manner at 40°. The first three patterns were identical; 
during the next 30 hours, there was a slight continuing increase 
of the height of the forepeak while the last three fractions re- 
mained unchanged; after this time the pattern of the last three 


components became smeared, and at 78 hours no fractionation 
occurred. 

In a number of runs, we carried out the entire procedure ster- 
ilely up to the chromatography itself. All solutions used in 
these procedures gave negative results when cultured for aerobes 
and anaerobes on thioglycolate broth at 37° in room air, and for 
fungi on Sabouraud’s broth at 37° in room air. These chromato- 
grams were identical to the ones in which no sterile precautions 
were taken. 


DISCUSSION 


An accumulating body of evidence from physical studies indi- 
cates that dissolved collagen gives rise to a polydisperse system 
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Fie. 3. Chromatographic elution patterns of acetic acid solu- 
tions of rat tail tendon collagen. Conditions were as described in 
the text; the abscissa represents optical densities of color obtained 
for 2-ml fractions by the modified Lowry method. 








TABLE I 
Distribution of Kjeldahl nitrogen (TN) and hydroxyproline nitrogen 
(HP N) in acetic acid solutions of rat tail collagen and 
in chromatographic fractions 














Unfractionated solutions Fractions 

“ »9 lee » | HP N of 3 

Acetic acid | gy | BPN (as [IN (ae % of | HPN (as | ast frac, 

molarity % of TN) |total chroma-| % of its Ok thele 70 
togram N) TN) TN) 

g/l 

1.00 0.475 8.3 88.0 7.4 8.5 
0.75 0.475 8.0 74.0 Se 8.9 
0.60 0.460 8.1 56.5 7.8 9.0 
0.50 0.540 8.1 59.0 7.5 8.4 
0.25 0.475 8.2 21.3 4.7 7.0 
0.10 0.415 8.5 3.6 3.8 7.6 
0.05 0.515 7.3 0.8 0.7 7.2 
0.005 0.360 6.9 14.2 3.7 7.5 

















of components when heated, or after treatment with agents that 
rupture weak bonds. 

Boedtker (7), for example, postulated three components from 
heated dissolved ichthyocol, and she and several others have 
identified two of these components on ultracentrifugation. Re- 
ports from Doty’s (22) and Orekhovich’s (14) laboratories show 
that these two components may have slightly different 
hydroxyproline contents. It is interesting that the “light”? and 
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TABLE II 
Residues per 100 amino acids obtained from forefraction by 
chromatography of 0.1 n acetic acid solution of 
collagen, followed by acid hydrolysis 





Aspartic acid....... 
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“heavy” components prepared by Tomlin and Turner (8) did 


_not differ appreciably in their electrophoretic velocities from one 
another or from the unfractionated material. 


Our own results 
with rat tail tendon, we think, amply confirm the observations 
that more than one type of molecule arises from mildly heated 
collagen solutions, and provides a tool for the ready separation 
of these components. 

Our experiments suggest that the determining factor involved 
in the production of the components from rat tail tendon collagen 
heated and chromatographed on carboxymethy] cellulose at 40°, 
is the concentration of acetic acid of the various solutions of 
collagen, since all the solutions were otherwise treated identically, 
Seventy-two-hour dialyses at 3° of the 0.1 m and 1.0 M acetic acid 
collagen solutions in a Visking cellulose bag against acetic acid of 
corresponding concentration had no effect on the subsequent 
chromatograms. This suggests that the small molecular weight 
forepeak obtained by chromatography at 40° is integral with, or 
bound to, the dissolved protein. The ultracentrifugal sedimen- 
tation patterns of the same cold starting solutions also showed 
only one component and were not changed if the samples had 
previously been dialyzed. Chromatography of the solutions at 
any temperature below 40° was not possible. 

Bacterial processes seem to play no role in our procedure. It 
seems reasonably certain that hydrolysis also played no signifi- 
cant part in the production of the components, since our chro- 
matographic procedure required only 7 hours and the forepeak 
at lower acetic acid concentration was completely eluted in as 
little as 10 minutes. The solutions retained their chromato- 
graphic properties after being kept at 25° for 148 hours and 
changed only slightly up to 48 hours at 40°. After 48 hours at 
40° the chromatograms were smeared; this may be due to hydrol- 
ysis. Boedtker and Doty (7) found what seems to have been a 
similar process of hydrolysis for ichthyocol dissolved in pH 3.7 
citrate buffer, the viscosity of which fell slowly with time when 
the material, heated to 36°, was kept at that temperature for 
over 40 hours. 

The process by which the fractions are created seems to be an 
“all or none’ one, since our time experiment showed that the 
characteristic four-fraction pattern appeared at the earliest time 
we could manage to complete the steps preliminary to chromatog- 
raphy (10 minutes). The only observable change for the next 
48 hours was a slight consistent increased solubilization and a 
concomitant increase in all four fractions. Such an “all or none” 
process was also suggested by Boedtker and Doty (7) for the 
breakdown of dissoved ichthyocol in warm citrate buffer. 

The forepeak obtained from the relatively dilute acetic acid 
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solutions (below 0.25 ) is interesting in that it contains so few 
amino acids, and that its hydroxyproline content is so low. It 
is difficult to imagine this component as a “contaminant,”’ since 
it has such large amounts of glycine and proline. Elastin, a 
likely candidate, has these amino acids in high concentration, but 
has several other amino acids which are not found in the forepeak, 
eg. alanine, leucine, and phenylalanine. Further, elastin has 
very little aspartic acid, serine, or glutamic acid, which are promi- 
nent in the forepeak. This fraction may represent an easily 
detachable portion of the collagen structure, and probably is 
composed of a number of small peptides and amino acids. 

Three basic questions emerge from these results: (a) by what 
internal process is the collagen fractionated? (b) What is the 
source of the forepeak obtained from warm acetic acid solutions 
below 0.25 mM; and (c) what is the nature of the process that occurs 
at an acetic acid concentration between 0.25 m and 0.50 m, that 
produces the different and great quantities of forepeaks and that 
leads to the disappearance of most of the three last peaks? 

With respect to the chromatographic separation of the last 
three components, we have no evidence for the nature of the 
bonds cleaved, nor for the structural features upon which the 
fractionation depends. These features may be physical, e.g. mo- 
lecular weights, or chemical, e.g. differences in frequency of occur- 
rence of amide groups. Preliminary analysis indicates that the 
three last fractions almost certainly differ slightly in amino acid 
composition. Gallop et al. (23) have recently suggested the ex- 
istence of ester-like bonds within ichthyocol which give rise to 
nondialyzable components when split with hydroxylamine or hy- 
drazine in such a way that peptide bonds are not disrupted. It 
is possible that such bonds are also involved in the phenomena 
which we are discussing. 

With respect to the second question, our results point to a 
multicomponent protein which gives rise to a hydroxyproline- 
poor fraction, weakly bound to our adsorbent, and three tightly 
bound hydroxyproline-rich fractions. It is possible that those 
portions of the structure which have had the least chance to form 
hydroxyproline, possibly the “youngest,” are the least tightly 
bound. They may be mainly, or only, those involved in inter- 
chain hydrogen bonding, postulated by Weir and Carter (24) to 
be the sole bonds involved in thermal shrinkage. These workers 
calculated that imbibed water and thermal energy of heated tail 
tendons increase the interchain distances from 4.4 A to irregular 
spacing of 11 to 17 A. The cross links break, and the unsup- 
ported chains then revert to a folded configuration of higher en- 
trophy. Banga et al. (25) have reported that heating rat tail 


collagen in water for as little as 1 minute results in solubilization _ 


of protein. We performed an experiment of this type, keeping 
rat tail tendons in water of pH 7 at 65° for 3 minutes. The 
resultant solution was poured off, the surviving fibers were dis- 
solved in 0.1 m acetic acid, and chromatographed. Over one- 
half of our forepeak had been extracted by the warm water, 
giving evidence that the acetic acid solubilization at low concen- 
trations may be fundamentally similar to the shrinkage phenom- 
enon, in that both may give rise to cross linking peptides. 

As for the process which leads to the progressive disappear- 
ance of the three last fractions at high acid concentrations, it 
seems that above 0.25 m acetic acid, and at 40°, the bulk of the 
collagen is altered in a dramatic way, probably unfolding, or 
becoming chemically altered so that it can no longer be resolved 
into distinct fractions on the chromatogram. The “forepeaks” 
which result from this process are far different from those ob- 
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tained at lower acid concentrations, consisting of large molecules 
with almost the “‘classical’’ amount of hydroxyproline. 


SUMMARY 


1. Rat tail tendon collagen has been solubilized at 3° and at 
20°-24° in acetic acid ranging from 0.005 m to 1.0 m, and the 
solutions obtained were chromatographed at 40° on carboxy- 
methyl cellulose columns. The critical salt concentrations of the 
buffers used in the gradient elution system were 0.05 m NaCl, 
0.05 m NaH2PO, for the lower buffer, and 0.14 m NaCl, 0.05 m 
NaH:2PO, for the upper one. A chromatographic run lasted 
about 7 hours. At least 4 components were separated from 
each collagen solution in this way. 

2. The fractionation pattern was markedly dependent upon 
the acetic acid concentrations of the different rat tail tendon col- 
lagen solutions; below 0.25 m, the solution chromatographed at 
40° gave rise to a small forepeak which is probably composed of 
lower molecular weight peptides, low in hydroxyproline. At the 
higher acid concentrations, the major part of the total chro- 
matographable material appeared in the forepeaks which as- 
sumed varying patterns, and contained high molecular weight 
material. 

3. The three other major components were high molecular 
weight fractions; the relative proportions of these components 
varied little with increasing acid concentrations, whereas their 
total amounts decreased steadily. 

4. It has been demonstrated that the process producing these 
fractions is rapid, is not dependent on bacterial or fungal action, 
and apparently is not due to hydrolysis. 

5. The significance of these components is discussed from the 
point of view of the structure of native collagen, particular at- 
tention being paid to the low molecular weight, low hydroxy- 
proline component. 
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The abrupt shrinkage of collagen at elevated temperatures has 
been a useful property for the study of the molecular organization 
of this protein. The observation that the thermal shrinkage 
temperature decreases with the hydroxyproline content led to 
the suggestion by Gustavson (2-4) that the hydroxy group of 
this imino acid had an important and unique role in the mainte- 
nance of the native structure by virtue of its ability to make 
hydrogen bonds. However, this hypothesis does not include the 
possible role of other functional groups which are present in 
variable amounts and which may contribute to over-all stability. 
For example, Harrington (5) has suggested that the ability of 
the pyrrolidine rings of both proline and hydroxyproline to direct 
the geometry of the peptide chain in the regions in which they 
occur could be an important factor in molecular structure. This 
configuration has been studied in more detail by von Hippel and 
Harrington (6). They suggest that restricted rotation about 
both the Ce—C=O and peptide bonds adjacent to the pyrrolidine 
rings of the imino acids may be a stabilizing factor in an extended 
polypeptide chain. The stability of collagen, according to this 
view, would at least in part be a function of the total content of 
imino acid and not necessarily related to hydroxyproline alone. 
This is reasonable, since analyses available for vertebrate colla- 
gens (7) suggest that both proline and hydroxyproline may be 
correlated with the shrinkage temperature. 

Rich and Crick (8) have offered two similar molecular struc- 
tures for collagen which satisfy the x-ray diffraction data. Both 
consist of a three-chain helix in which the individual chains 
have a structure similar to polyproline (9) and polyglycine (10). 
They differ in the manner in which the chains are packed. Col- 


lagen II is preferred for stereochemical reasons, but collagen I | 


is possible if some distortion is allowed. In collagen I, the hy- 
droxy groups of hydroxyproline are directed towards the axis of 
the molecule permitting intramolecular hydrogen bonding. In 
collagen II, they point away from the axis favoring intermolecu- 
lar bonding. In an attempt to select between these two alter- 


* A portion of this material has appeared as a preliminary com- 
munication (1). 
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Foundation for the Study of Crippling Disease, Harvard Medical 
School at the Massachusetts General Hospital. 

t Laboratory of Biochemistry, National Institute of Dental 
Research, National Institutes of Health. 

§ This work was accomplished during the tenure of an Estab- 
lished Investigatorship of the American Heart Association and 
has been assisted by Grant No. A90 (C7) from the National In- 
stitute of Arthritis and Metabolic Diseases. 


natives, Doty and Nishihara (11) and Esipova (12) determined 
the denaturation temperature of several fish collagens in solution 
where interaction between molecules would be minimized. They 
found that the denaturation temperature was proportional to the 
hydroxyproline content and in each case lower than the thermal 
shrinkage temperature of the fiber by about the same amount. 
This indication of constant crystal strength but varying molecu- 
lar stability was interpreted to mean that hydroxyproline was 
hydrogen bonded intramolecularly, hence that collagen I was the 
favored structure. However, if the total imino acid content is 
also proportional to denaturation temperature, and if the hy- 
droxy group of hydroxyproline does not play a unique role, then 
the data may also be explained in terms of the collagen II struc- 
ture. In accord with the latter requirement there is evidence (7) 
that a decrease in the number of hydroxy groups provided by 
hydroxyproline is compensated for by an increase in serine and 
threonine. 

The suggestion, then, is that the pyrrolidine rings of the imino 
acids play an important role in the intramolecular stability of 
collagen by virtue of their ability to stabilize the secondary struc- 
ture, whereas intermolecular strength may be in part the result 
of hydrogen bonding by the hydroxy groups of hydroxyproline, 
serine, threonine, and possibly hydroxylysine. This requires 
that all hydroxy groups form equally strong hydrogen bonds 
and suggests that collagen II rather than collagen I is the pre- 
dominant form. It is the purpose of this communication to 
present complete amino acid analyses of five fish collagens not 
previously analyzed and to summarize other data from the litera- 
ture in support of this hypothesis. 


EXPERIMENTAL 


Methods and Materials—Collagens from the scales, skin, and 
swim bladder of the carp, cod skin, and pike skin were used. 
The carp swim bladder collagen was prepared by extraction with 
0.1 m citrate pH 3.5, followed by dialysis of the supernatant 
fluid against water at 5°. The precipitated collagen was isolated 
by centrifugation, redissolved, precipitated two additional times, 
and lyophilized in a water suspension. The other collagens were 
isolated as gelatins by autoclaving the thoroughly washed and 
lipid-extracted tissue in water overnight, dialyzing, and lyophiliz- 
ing. Hydrolysates were prepared by sealing 10 mg of protein 
and 5 ml of triple distilled 6 Nn HCl in a glass tube and heating 
for 24 hours at 105°. The hydrolysates were evaporated to a 
syrup and diluted to 5 ml with water. Amino acid analyses 
were performed on 1 ml of these solutions by ion exchange chro- 
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TABLE [ 


Amino acid composition of fish collagens 
(Residues of amino acid per 1000 total residues) 











Carp m 

Cc 4 6 Cod Pik Calf 
scale bledder skin skin skin abe 

gelatin collagen gelatin | gelatin | gelatin | collagen 
\ } 
Glycine 326 325 | 31 . 345 328 320 
: | 

Alanine 119 126 120 107 114 112 
Valine 18 18 19 19 18 20 
Isoleucine ll 0 i 8 11 9.2; 11 
Leucine 22 21 25 23 20 25 
Proline 117 116 124 102 129 138 


Hydroxyproline 82 81 | 73 53 70 94 
Phenylalanine 14 14 | 




















Tyrosine 3.3 20\| 23.2 3.5 1.8 2.6 
Serine* 43 37 43 69 41 36 
Threoninet 25 29 «| 27 25 25 18 
Methioninef{ i ae | 12 13 12 4.3 
Cystine <3...) <2 | <42..) «2 <1 <1 
Hydroxylysine 7.1| 7.4] 4.5/ 60] 7.9] 7.4 
Lysine 25 2 2=« «227 25 22 27 
Histidine 5.2) 3.8 | 4.5 7.5 7.4 5.0 
Arginine 62 | 53 | 53 51 45 50 
Aspartic acid 48 47 | 47 52 54 45 
Glutamic acid 69 ; ae es 75 81 72 
Amide N (30) (38) | (26) (33) (42) (46) 
Shrinkage tem- | 54 | 57 | 40 | 55 | 65 
perature, °C | | | 
Reference | | (1) | (3) | (11) (3) | (1) 


! 





* Corrected for an assumed loss during hydrolysis of 5%. 
+ Corrected for an assumed loss during hydrolysis of 3%. 
t Total of methionine and methionine sulfoxide. 


matography with the use of an automatic instrument! similar to 
that designed by Spackman et al. (13). 


RESULTS 


Table I presents complete amino acid analyses of five fish col- 
lagens together with values from the literature (3, 11) for their 
shrinkage temperature. Table II summarizes the available data 
(11, 14-16) on imino acid and hydroxy amino acid contents of 
other vertebrate collagens whose complete amino acid analysis 
and shrinkage temperature are known. Avian collagens are 
omitted since these values are very similar to those of the mam- 
mals (7). The data in both tables are expressed as residues per 
1000 total amino acid residues. This allows a direct comparison 
on a mole basis; the results are unaffected by the presence of 
nonprotein material such as water, inorganic salts, and carbo- 
hydrates. 

An analysis of a highly purified mammalian collagen from calf 
skin, extracted with 0.5 m acetic acid and purified as described 
by Gross (17), is included in the tables for comparison. The 
shrinkage temperature of 65° is typical of all mammalian col- 
lagens on which measurements have been made (3). 

The fish collagens in Table I are similar to others of this group. 
They have less proline and hydroxyproline and more serine and 
threonine than mammalian collagens. Methionine is also pres- 
ent in greater amounts. With the exception of the hydroxylysine 
content of carp skin gelatin and the tyrosine content of carp swim 


1K. A. Piez, in preparation. 
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bladder collagen, the three carp collagens are probably identical 
within experimental error. Cod skin gelatin has more serine and 
less proline and hydroxyproline than the carp collagens. The 
alanine and histidine values may also be different. Pike skin 
gelatin is very similar to the carp skin gelatin although tyrosine, 
histidine, and hydroxylysine appear to be different. 


DISCUSSION 


It is apparent from the data in Tables I and II that there is a 
correlation between the imino acid values and the shrinkage tem- 
perature. The nature of this relationship can be examined by 
calculating multiple regression coefficients. For the multiple 
regression Y = a + biW + beV, where Y is shrinkage tempera- 
ture and W and V are proline and hydroxyproline contents, 
respectively, the following values with their standard errors are 
calculated from the data in Tables I and II: b; = 0.434 + 0.091; 
be = 0.244 + 0.079. Both coefficients are significantly different 
from zero (p < 0.001 and p < 0.02, respectively) but they do 
not differ significantly from each other (0.2 < p < 0.3). There- 
fore, it can be concluded that the variation in shrinkage temper- 
ature is associated with both the proline and hydroxyproline con- 
tent and with each over and above that explained by the other. 
Expressed another way, both imino acids together provide a better 
explanation of the variation in shrinkage temperature than either 
one alone. Further, the shrinkage temperature is affected to 
the same extent by equal changes in either imino acid. With 
total imino acid, a regression coefficient of 0.332 + 0.039 (p « 
0.001) is obtained. That is, a decrease of about three residues 
of imino acid in 1000 total residues is associated with a fall of 1° 
in shrinkage temperature. The relationship is demonstrated 
graphically in Fig. 1, in which the shrinkage temperature calcu- 
lated from the regression coefficient and the total imino acid 
content is compared with the observed shrinkage temperature. 

A few of the samples, particularly lung fish and python skin, 
deviate further from the regression line than would be expected 
on the basis of experimental error. Whether other factors are 
involved cannot be answered with the present data. As more 
information becomes available, it may be necessary to re-exam- 
ine collagen denaturation with reference to such observations as 


TABLE II 


Amino acid composition and shrinkage temperature 
of vertebrate collagens 
(Residues of amino acid per 1000 total residues) 


| 





| 











| Cro-| Py- | roa (Lung 3 [Seon tai oa 
lite [thon | skin | sh) | swim ut | bone 
; | 3 der 
Imino acids | | 
Proline (128 |119 |110 |129 |113 |102 |108 |100 
Hydroxyproline | 93 |102 | 78 | 78 | 79 | 82 | 63 | 59 
Total /221 |221 |188 |207 |192 |184 |171 |159 
Hydroxy amino acids | 
Hydroxyproline | 93 pes | 78 | 78 | 79 | 82 | 63 | 59 
Serine | 42 | 44 | 66 | 42 | 45 | 50) 51 | 70 
Threonine | 22 | 18 | 26 | 24 | 26 | 29 | 27 | 24 
Total |157 |164 |170 |144 {150 |161 {141 |153 
Reference | (15) 








(14)| (14)| (14)} (15)} (15)} (15)} (16) 


vem a: NE; Seth, et 
59 | 57 | 54 | 63 | 53 | 50 40 | 40 
(14) | (14) (14)} (15)} 15)| 45)} 8)} 5) 
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the ester-like linkages reported by Gallop et al. (18) and the pres- 
ence of carbohydrate (19). 

All of the invertebrate collagens for which shrinkage measure- 
ments are available show no apparent correlation between com- 
position and shrinkage temperature (20, 21). However, it is not 
reasonable to include these in the present discussion since they 
all contain a large carbohydrate component (19) firmly bound to 
the protein. Elastoidin from the shark fin is also omitted since 
the native fiber contains a large proportion of noncollagenous 
material high in tyrosine and histidine (22, 23). In these cases 
it is reasonable to expect atypical values for the shrinkage tem- 
perature (4). 

The results described here are best explained by the hypothesis 
that molecular stability is associated with restrictions on move- 
ment imposed by imino acid in peptide linkage. The explanation 
of how this restriction operates may lie in the suggestion that a 
single pyrrolidine ring together with the double bond character 
of the peptide link can determine the relative positions of six 
consecutive bonds along a peptide chain (6). Similarly, two 
pyrrolidine rings in sequence determine the positions of nine 
bonds which is one complete turn of the polyproline helix. In 
the case of gelatin, which is single-stranded, this is apparently 
the driving force operating to re-establish secondary structure 
when solutions are cooled. That is, the restrictions on rotation 
lock the polypeptide chain into the polyproline structure as the 
first step in the gelation process (6). Collagen has a similar 
secondary structure but presents a more complex picture since 
it is three-stranded (8). This imposes limitations on alterations 
in secondary structure in that the helices of the individual chains 
cannot be destroyed without prior or simultaneous breaking of 
the interchain hydrogen bonds. If, however, the stability of 
the tertiary structure is the same in all vertebrate collagens, 
differences in the stability of the secondary structure arising from 
different amounts of imino acids would be reflected in the ease 
of denaturation of the molecule. It is likely that this is the case 
since the interchain hydrogen bonds are believed to be between 
glycine amide groups (8), which represent a constant proportion 
of all collagens (7, 23, 24), and carbonyl oxygens, which are con- 
tributed by all amino acids in peptide linkage. There is also 
reason to believe that the forces maintaining the tertiary struc- 
ture may be weak relative to the forces resulting from the direc- 
tive influence of the imino acids on secondary structure. For 
example, cod skin collagen is unstable above 10° in acid solution 
(11). This protein has the least amount of imino acids of all 
the known vertebrate collagens and therefore the weakest sec- 
ondary structure, according to the hypothesis proposed here. 

Shrinkage of organized fibrils of collagen also requires altera- 
tion of the quaternary or crystal structure. The data of Doty 
and Nishihara (11) and Esipova (12), which indicates constant 
crystal strength, and the evidence presented here are consistent 
with the view that hydrogen bonds involving hydroxy groups 
represent an unchanging part of this structure. Thus, the aver- 
age total number of hydroxy groups of the collagens listed in 
Tables I and II is 151 per 1000 total residues with a coefficient 
of variation of 6%, which is probably no greater than the uncer- 
tainty in the data. Hydroxylysine is not included in the totals 
since it is present in amounts (5 to 10 residues per 1000 total 
residues) too small to affect the results. There may, of course, 
be other intermolecular forces in operation, some of which may 
be independent of amino acid composition. For example, non- 
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Fic. 1. A comparison of the observed shrinkage temperature of 
vertebrate collagens with values calculated from the total imino 
acid content. 


collagenous constituents and the degree of perfection of crystal 
packing may be important variables. 

Following the completion of this manuscript a report appeared 
by Burge and Hynes (25) on the thermal denaturation of five 
vertebrate collagens in solution. They reached essentially the 
same conclusions as reported here concerning the manner in 
which the imino acids participate in collagen structure. 


SUMMARY 


Complete amino acid analyses of collagens from the scales, 
skin, and swim bladder of the carp, cod skin, pike skin, and calf 
skin are presented. 

It is demonstrated that the variation in shrinkage temperature 
of vertebrate collagens is more exactly described as a function of 
the total number of imino acid residues rather than hydroxypro- 
line residues alone. This is interpreted as support for the hy- 
pothesis that the molecular structure of collagen is maintained 
in large part by restrictions on changes in the secondary struc- 
ture of the polypeptide chain imposed by the pyrrolidine rings 
of proline and hydroxyproline rather than by hydrogen bonding 
through the hydroxy groups of hydroxyproline. 

It is also suggested that the hydroxy group of hydroxyproline 
may be involved in intermolecular rather than intramolecular 
cross-linking and that, in any case, it may not have a unique role 
since, for vertebrate collagens, a decrease in hydroxyproline is 
compensated for by an equal increase in threonine and serine to 
maintain a nearly constant number of hydroxy groups. 
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The methods currently used for the estimation of tryptophan 
are based on one of the following principles: Reaction with alde- 
hydes in acid solution (1, 2), with glyoxylic acid (3), with mer- 
cury salts and nitrous acid (4, 5), by determination after isolation 
from its mercury salt (6), or by the use of Marshal’s reagent (7). 

Of the above mentioned methods, those based on aldehyde 
reactions and on the use of Marshal’s reagent are not ideal for 
the purpose, since in biological fluids there are many other sub- 
stances, unrelated to tryptophan, that interfere with the deter- 
mination. Mercury salt precipitation and subsequent deter- 
mination of tryptophan is a specific albeit time-consuming 
procedure. Moreover, some loss (12 to 18 per cent) is unavoid- 
able. The best method for the tryptophan estimation seems to 
be Shaw’s (3) glyoxylic acid reaction. The preparation of the 
reagent from oxalic acid, or its maintenance in a stable condition 
when otherwise obtained, still presents a problem for the routine 
laboratory. Therefore, we have developed an extremely simple, 
but specific method for the quantitative determination of trypto- 
phan. Our method is based on the reaction of Adamkiewitz (8), 
who used it for the detection of proteins (containing tryptophan) 
as a ring test. 

We have adopted his principles for the measurement of trypto- 


phan in concentrations from 5 wg upwards, in a final volume of 
3.5 ml. 


EXPERIMENTAL 


Reagents. 

1. Acid acetic, glacial. 

2. Sulfuric acid, concentrated. 

3. Potassium persulfate, saturated solution: Add 100 ml of 
distilled water to 8 g of ¢.p. potassium persulfate, shake well for 
5 minutes; keep cold; use the clear supernatant solution (keeps 
well in the refrigerator for 2 weeks). 

4, Thioglycolic acid, 5 per cent (volume per volume), in glacial 
acetic acid. 

5. Stock standard: In a 100 ml volumetric flask introduce 100 
mg of tryptophan, add about 20 ml of glacial acetic acid, shake 
until dissolved (gentle heating may be applied), and make up the 
100-ml mark with glacial acetic acid. Keep in a dark bottle in 
the cold; discard when it becomes dark. 

The various proteins used for experiments were obtained from 
the following sources: Casein, Fisher Scientific Company, Pitts- 
burgh, Pennsylvania; Edestin and lysosyme, Fluka A.G., Buchs, 
Switzerland; bovine albumin: Armour Pharmaceutical Company, 
Hampden Park, Eastbourn, England. Human serum albumin, 
human y-globulin, lactalbumin, and 6-lactoglobulin were do- 
nated by the late Professor F. Rappaport of the Beilinsohn 
Hospital, Petach-Tiqva, Israel. 

Procedure—To a sample containing 5 to 50 ug of tryptophan 


in a volume of 0.5 ml add 2 ml of glacial acetic acid, mix, add 
1.0 ml of sulfuric acid, mix, and add 1 drop each of Reagents 
3 and 4; mix the contents of the test tube again and read in the 
colorimeter after 10 to 15 minutes at a wave length between 
530 and 550 mu. 

Calibration—Dilute the stock standard with glacial acetic acid 
1:10. Set up a number of test tubes, and put into each an 
amount of the diluted stock standard solution sufficient to form 
a series containing from 0 to 50 ug of tryptophan. Make up the 
volume to each to 2.5 ml with glacial acetic acid and proceed as 
given in the test from the addition of 1.0 ml sulfuric acid. Con- 
struct a calibration curve and calculate results by comparison, 
or if a double cell type photometer is used, by the reading nearest 
to those of the unknown. 


RESULTS AND DISCUSSION 


For evidence of accuracy of the method, a number of proteins 
from various sources were analyzed. Protein hydrolysis was per- 
formed by Lugg’s (9) alkali-selenite method. Analysis of trypto- 
phan was performed four times on each sample of hydrolysate. 
Comparison of values with other methods are given in Table I. 
Our results correspond well to tryptophan values reported by 
other workers (10-12), the only exception being lactalbumin 
where we found only 1.12 g per 100 ml compared to the 1.90 g 
per 100 ml reported by Brand (10). Recoveries of tryptophan 
added to proteins were found satisfactory (Table II). The aver- 
age loss of tryptophan was 1.5% of the amount added which is 
somewhat higher than the 1% reported by Lugg (9). 

For the confirmation of reproducibility of the results, four por- 
tions of the same protein sample were hydrolyzed on different 
days and analyzed separately for their tryptophan content. De- 
viation of the obtained values were minimal (Table ITT). 

The Adamkiewitz (8) reaction has two disadvantages which 


make its application as a quantitative test difficult: 


1. It is performed in an aqueous medium and the color of the 
reaction is discharged proportionally to the water content (Fig. 
1). 

2. Since the color is due to acetic acid oxidation products 
present as impurities, different batches of the acid give reactions 
of varying color intensities. 

The performance of the present test is made in anhydrous 
conditions, and the controlled oxidation produces both a stable 
color, and reproducible results. Beer’s law is well obeyed up to 
the concentration given (50 wg) (Fig. 2). The reaction can be 
safely applied up to a concentration of 250 ug if somewhat more 
acid is used, the volume being made up to 3.5 ml with acetic 
acid followed by 1.5 ml of sulfuric acid and single drops of Rea- 
gents 3and4. The amounts of the other reagents and the execu- 


tion of the test are the same as described (Fig. 3). However, a 
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TABLE I 
Comparison of tryptophan content of proteins, obtained 
by various methods 
Values expressed in g of tryptophan in 100 g of the anhydrous 
protein. 




















Protein Present method | Other methods ee 
1 eee 1.19 1.20 (10) 
Human serum albumin... 0.21 0.17; 0.19 (10) 
Human y-globulin........ 2.74 2.61; 2.50 (11) 
Bovine albumin.......... @ 0.58 0.58 (10) 
Bovine y-globulin........ 2.64 2.62; 2.55 (11) 
ee ee eee 1.22 1.23 | (11) 
Lactalbumin............. 1.122 1.90 | (10) 
B-Lactoglobulin.......... 1.99 1.94 (10) 
je ea 10.54 10.60 | (12) 
TABLE II 


Recovery of added tryptophan from various proteins 
after hydrolysis 
Values expressed in g of tryptophan per 100 g of the anhydrous 
protein. 























spain | Casein | rlobu- | Lys | recovery 
Tryptophan added to the 
Re 8.00 | 4.00} 2.00/ 0.50 
Tryptophan content of | 
the protein.............] 0.58 | 1.19 | 2.74 | 10.54 
Value obtained on analy- | | 
MSL b sche vd tsb obldia disiwle ars 8.46 5.03 4.70 | 11.02 
Per cent of deviation from 
theoretical value....... —-1.9 |-3.1 |-1.0 \—0.1 98.5 
TaBxeE III 


Tryptophan content of proteins 
The same sample hydrolyzed on 4 separate occasions and 
hydrolysates separately analyzed. Values corresponding to g of 
tryptophan in 100 g of the anhydrous protein. 

















Protein 1 2 3 | 4 Average 
| 

Ms 8 5 2 i eh ed dekleard 1.20 1.18 1.19 1.19 1.19 
Human serum albumin...| 0.21 | 0.20| 0.22! 0.21] 0.21 
Human y-globulin........ 4.70) 3:42 |. 2.72 | 2.26) 2.74 
Bovine albumin.......... 0.58 | 0.58 | 0.58 | 0.58 | 0.58 
Bovine y-globulin. ....... 2.66 | 2.63 | 2.65 | 2.63] 2.64 
ee inate 1.23 | 4.21} 3:22) 1.23| 1.22 
Lactalbumin............. B36] 3.32} 31.22) 2.00 | 1.22 
6-Lactoglobulin.......... 1.98 | 2.01 | 2.00}; 1.97] 1.99 
Ce ee eee 10.55 | 10.51 | 10.58 | 10.53 | 10.54 











new calibration curve covering the range 0 to 250 ug must be 
used. Samples containing more than 250 yg have to be diluted 
to a concentration below this amount, since Beer’s law is not 
obeyed in a higher range. 

The order of addition of reagents must be strictly observed as 
described. If sulfuric acid is added before the acetic acid, or- 
ganic substances present in the sample will be charred giving 
falsely high readings. It was also found that no color is produced 
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if oxidation is performed before the addition of sulfuric acid. 
The addition of thioglycolic acid controls the oxidation induced 
by the persulfate; therefore, if its addition is omitted or delayed 
for any notable length of time no proportional color development 
will be obtained. 

Persulfate produces the tryptophan chromogen, but simultane- 
ously and at a somewhat slower rate destroys it by further oxida- 
tion; the presence of thioglycolic acid prevents the secondary oxi- 
dation without interfering with the production of the chromogen. 
Evidence for this course of events is given in Fig. 4, where the 
rates of chromogen production and of its decrease are shown for 
samples containing equal amounts of tryptophan with and with- 
out the addition of thioglycolic acid. Thioglycolic acid alone, 
provided no oxidizing agents are present in the sample or the 
other reagents, will produce no color if the use of persulfate is 
omitted. In 5 minutes, maximum color development is obtained 
(Fig. 4, Curve B). This color remains stable for 25 to 30 min- 
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5 0,100 | 








0 a) ca') 3 40 50 
WATER CONTENT PER CENT. 

Fic. 1. Increasing water content reduces optical density. All 
six samples contained the same amount of tryptophan (100 ug), 
but the acetic acid is partly replaced with water; all the other 
conditions are the same as in the test. Water content over 50% 
produces a light yellow color of low optical density. 
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Fic. 2. Calibration curve of tryptophan, 5 to 50 wg. Final 
volume, 3.5 ml. 
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utes, slowly decreasing during the next 30 minutes. A search 
for interfering substances revealed no other amino acid which 
produces color by the reaction; 17 individual amino acid, repre- 
senting all the existing groups were tried out. Phenol might 
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Fic. 3. Calibration curve of tryptophan, 50 to 250 ug. Final 
volume 5.0 ml. 
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Fie. 4. Plot of color development as a function of time. Curve 
A, only persulfate added; Curve B, persulfate and thioglycolic 
acid added. Persulfate produces chromogen but the color is also 
destroyed under these conditions. The addition of thioglycolic 
acid permits color production but prevents its further oxidation. 
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interfere with the determination if present in very large amounts. 
Its presence in traces will not cause interference since the chro- 
mogen produced by equivalent amounts of phenol is only 4 to 
8% as intense as that obtained from tryptophan. Derivatives of 
tryptophan containing the indole ring produce the color on an 
equimolecular base. 

The method is applicable to the estimation of tryptophan in 
protein solutions without the need for any previous treatment 
(e.g. hydrolysis or extraction) of the protein. However, a slight 
modification must be made in this case; the persulfate must be 
substituted with a 3% solution of hydrogen peroxide, otherwise 
some precipitation of the proteins will occur. In any other case, 
the use of persulfate is recommended as superior to peroxide be- 
cause of the higher color stability and more exact reproducibility 
of the results. 


SUMMARY 


A simple, new colorimetric method for quantitative estimation 
of tryptophan is described. The method is based on the chromo- 
gen production of tryptophan when treated with an oxidized 
acetic acid in an anhydrous media. Oxidation is performed by 
the use of persulfate or alternatively by the use of peroxide. 
Anhydrous conditions are obtained by the addition of sulfuric 
acid. The rate of oxidation is controlled with thioglycolic acid. 
The method is applicable to samples containing 5 to 250 yg of 
tryptophan. The results obtained by the test, applied to protein 
hydrolysates are reproducible and compare favorably with other 
accepted methods. 
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The sulfhydryl group plays a role in the biological formation of 
melanin. Mechanisms suggested for the inverse relationship be- 
tween the sulfhydryl group and the formation of melanin in 
mammalian skin include inhibition of tyrosinase and reaction 
with precursors of melanin (1, 2). However, knowledge in this 
field is fragmentary, and definitive proof of mechanism is lacking 
(3). The present work is a study in vitro of the reaction between 
an oxidation product of 8-3 ,4-dihydroxypheny]-t-alanine and the 
sulfhydryl group of cysteine or glutathione in the presence of 
tyrosinase at pH 7.4. 


MATERIALS AND METHODS 


Separate solutions containing 0.76 < 10-® mole of dihydroxy- 
phenylalanine, 0.83 x 10-® mole of cysteine, 0.98 « 10-® mole 
of glutathione, or 100 units of tyrosinase per ml of distilled water 
(4) were prepared immediately before each experiment. The 
reactions proceeded at 25° in a total volume of 4 ml of solution 
buffered at pH 7.4 by 1 ml of 0.1 m sodium phosphate. The 
absorbancy was measured in the Beckman model DU spectro- 
photometer, with use of the tungsten or mercury arc lamp. 
Subtraction of blanks formed by omission of dihydroxyphenyl- 
alanine yielded the net absorbancies of the experimental solu- 
tions. The absorbancies of cysteine, cystine, reduced ‘and oxi- 
dized glutathione, and tyrosinase were relatively small over the 
whole range of wave lengths studied. Measurement of the —SH 
group followed the method of Ellman (5). 


RESULTS 


At 480 muy, the absorbancy of dihydroxyphenylalanine was 
essentially zero, whereas the absorbancy of dopachrome (2-car- 
boxy-2 ,3-dihydroindole-5 ,6-quinone) was at a maximum level. 
During formation of the pink dopachrome, the absorbancy at 480 
my increased for approximately 7 minutes after the addition of 
tyrosinase (Fig. 1). Then it remained essentially constant for 
12 to 14 minutes, and finally increased by 10% during the subse- 
quent 10 minutes, with increasing formation of melanin. In- 
crease in tyrosinase and addition of potassium ferricyanide, either 
initially or after 7 minutes of reaction, did not change the plateau 
level of absorbancy by dopachrome. 

Addition of cysteine as well as tyrosinase to dihydroxyphenyl- 
alanine caused a decrease in the plateau level of absorbancy at 
480 mu (Figs. 1 and 2). The time pattern of the variation of 
absorbancy, however, remained unchanged. Increase in tyrosin- 
ase either initially or after attainment of the plateau did not 
change the final amount of dopachrome. The —SH group of 
cysteine disappeared after 3 minutes of reaction (Fig. 1). The 
plateau level of absorbancy, which had an inverse linear rela- 


tionship to cysteine concentration, became essentially zero when 
the molarity of the cysteine in the solution was equal, within 2%, 
to the molarity of the dihydroxyphenylalanine (Fig. 2). Cysteine 
had no effect upon the absorptive pattern of dihydroxyphenyl- 
alanine in the absence of tyrosinase. Ithas, also, no effect upon 
preformed dopachrome in the presence of tyrosinase. 

The ultraviolet absorbancies of separate solutions containing 
dihydroxyphenylalanine alone, dihydroxyphenylalanine and ty- 
rosinase, and dihydroxyphenylalanine and cysteine in equal 
molarity together with tyrosinase are presented in Fig. 3. Di- 
hydroxyphenylalanine and the cysteine-derived compound had 
slight absorbancy above 350 my. The absorbancy of the same 
dopachrome solution as in Curve 2 of Fig. 3 decreased gradually 
to 0.040 at 370 my, then increased to a maximum of 0.105 at 480 
my, and, finally, decreased to 0.084 at 525 mu and 0.023 at 700 
my. 

At 250 my, the absorbancies of dihydroxyphenylalanine and 
dopachrome were near their minima. In addition, at this wave 
length, the value of the ratio formed by division of the absorbancy 
of the cysteine-derived compound by the absorbancy of dopa- 
chrome was nearly maximal (Fig. 3), but the sum of the rates of 
change of the absorbancies with variation in wave length was 
minimal. As the amounts of cysteine and dihydroxyphenylala- 
nine varied, various amounts of dopachrome and the cysteine- 
derived compound were formed. The contribution of dopa- 
chrome to the total plateau absorption at 250 mu was found by 
multiplication of the plateau reading of dopachrome itself at 250 
my by the relative percentage of dopachrome in the final solu- 
tion. This percentage was calculated from the absorbancy at 
480 my, where absorption by dopachrome mainly occurred. The 
absorbancy remaining at 250 my after subtraction of the dopa- 
chrome contribution was due to the cysteine-derived compound 
and had a linear relationship to the cysteine present (Fig. 2). 

The results obtained with glutathione were very similar to 
those obtained with cysteine. The effect of glutathione at 480 
my was essentially the same as that of cysteine, 1 mole of gluta- 
thione eliminating the absorption by 1 mole of dihydroxyphenyl- 
alanine. Up to 265 my, the absorbancy of the glutathione- 
derived compound was very close to that of dopachrome. 
However, above 265 muy, the glutathione curve approached 
that of the cysteine compound. A linear relationship existed 
between the net absorbancy of the glutathione-derived com- 
pound at 250 my and the amount of glutathione. 


DISCUSSION 


The present study demonstrates the formation of reaction 
products between sulfhydryl compounds and derivatives of di- 
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Fic. 1. Variation in absorbancies of dopachrome, the cysteine- 
derived compound, and the sulfhydryl-containing compound of 
Ellman (5) as functions of time during the tyrosinase-induced 
oxidation of dihydroxyphenylalanine. The Beckman DU spec- 
trophotometer was used. Curve 1: The solution contained 0.19 X 
10-° m dihydroxyphenylalanine and 25 units of tyrosinase per ml, 
in 0.025 m sodium phosphate at pH 7.4. Absorbancy was meas- 
ured at 480 mu. A nearly identical curve resulted at 250 muy. 
Curve 2: Absorbancy at 480 my of a solution identical to that of 
Curve 1 except for the presence of 0.08 X 10-3 m cysteine. Curve 
$: Absorbancy X 4, at 250 muy, of a solution containing 0.19 & 10-* 
mM dihydroxyphenylalanine, 0.19 X 10-3 m cysteine, and 25 units 
of tyrosinase per ml, in 0.025 m sodium phosphate at pH 7.4. 
Curve 4: Measurement of the sulfhydryl group in 1-ml aliquots of 
a solution identical to that of Curve 3, at 412 my, by the method 
of Ellman (5). 


hydroxyphenylalanine in essentially two ways—the first, indi- 
rect, and the second, direct. In the first place, decrease in 
dopachrome indirectly shows diversion of dihydroxyphenylala- 
nine in the direction of the sulfhydryl compound. Secondly, the 
distinctive absorption properties of the cysteine-derived com- 
pound permit its direct determination between 230 and 260 mu 
in the presence of dopachrome and other substances. Each ap- 
proach demonstrates the reaction of equimolar amounts of the 
sulfhydryl group and an oxidation product of dihydroxypheny!- 
alanine. On the one hand, increase in sulfhydryl concentration 
leads to an equimolar decrease in dopachrome formation. Dopa- 
chrome is not formed when the molar concentrations of the sulf- 
hydryl group and dihydroxyphenylalanine are equal. On the 
other hand, the final concentration of the sulfhydryl reaction 
product and the initial sulfhydryl concentration are the same. 


The rapid disappearance of the sulfhydryl group points to its © 


participation in the chemical bonding. The other reactant may 
be an o-quinone intermediate between dihydroxyphenylalanine 
and dopachrome (6, 7). 

The inverse biological relationship between the sulfhydryl 
group and pigmentation may be due to the formation of sulfhy- 
dryl-containing compounds. Melanin would, then, appear only 
when the —SH group has largely reacted. As in the case of 
epinephrine and norepinephrine (4), this group tends to prevent 
the oxidation of dihydroxyphenylalanine to the dopachrome 
stage. Demonstration by Mason (8) of chemical reactions be- 
tween oxidation products of catechol and certain polypeptides 
and proteins suggests directions of investigations on dihydroxy- 
phenylalanine. The present investigation is being extended to a 
study of the physiological implications of the reaction of sulfhy- 


4 8 10 2 14 
MOLES OF CYSTEINE PER ML, x 107 
Fig. 2. Absorbancies of dopachrome and the cysteine-derived 
reaction product, after 12 minutes of tyrosinase action, plotted 
against concentration of cysteine. Curve 1: The solutions con- 
tained 0.19 X 10-3 m dihydroxyphenylalanine, cysteine, and 25 
units of tyrosinase per ml, in 0.025 m sodium phosphate at pH 
7.4. The absorbancy was measured at 480 my. Curve 2: Solutions 
similar to those of Curve 1, but with 0.095 X 10-* m dihydroxy- 
phenylalanine. Curve 3: Absorbancy X 3, of the cysteine-derived 
compound formed in solutions identical to those used for Curve 1, 
at 250 mu. The absorbancy of dopachrome was subtracted from 
the total absorbancy of the solutions (see text). 
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Fig. 3. Absorbancies of dihydroxyphenylalanine, dopachrome, 
and the compound formed from cysteine and an oxidation product 
of dihydroxyphenylalanine, at various wave lengths. Curve 1: 
0.15 X 10-* m dihydroxyphenylalanine. Curve 2: Twelve minutes 
after addition of tyrosinase, a solution containing 0.19 X 10-3 m 
dihydroxyphenylalanine, and 25 units of tyrosinase per ml, in 
0.025 m sodium phosphate at pH 7.4, was diluted 5-fold with water 
and the absorbancy determined. Curve 3: Similar to Curve 2, 
but with the additional presence of 0.19 X 10-* m cysteine initially. 


dryl compounds and oxidation products of dihydroxyphenylala- 
nine. 


SUMMARY 


Formation of new chemical compounds resulted from the pres- 
ence of 6-3 ,4-dihydroxyphenyl-t-alanine, cysteine or glutathione, 
and tyrosinase in solution at pH 7.4. - The experimental evidence 
demonstrated the existence of chemical bonding between the 
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Plasminogen is the plasma precursor of the fibrinolytic en- 
zyme, plasmin. The activation of plasminogen isolated from 
various animal species by streptokinase, a protein of bacterial 
origin, has received considerable attention in recent years. A 
two-step reaction has been postulated wherein streptokinase re- 
acts with a substance termed proactivator (1), which is present in 
highest concentration in human plasma and human plasminogen 
preparations and apparently is absent from the plasma of certain 
animal species such as the cow, to form an activator of human 
plasminogen (2) and the plasminogens of other animal species 
(3). The existence of proactivator as an entity distinct from 
human plasminogen is still hypothetical, since it has not been 
isolated in pure form. In fact, evidence has been presented 
(4, 5) which indicates that proactivator is human plasminogen. 

The purpose of this study was to attempt to isolate pro- 
activator in pure form. Column chromatography of human 
plasminogen, prepared by the method of Kline (6), on carboxy- 
methyl cellulose, has resulted in a 2- to 4-fold purification. 
Although a high degree of homogeneity is apparent from physico- 
chemical (7) and serological data, chromatographed plasminogen 
still retains essentially the same ratio of proactivator activity 
to plasminogen activity as that in crude preparations. The 
results of these studies are therefore interpreted as further 
evidence for the identity of proactivator and human plasmino- 
gen. 


EXPERIMENTAL 


Preparation of Plasminogen—Human plasminogen was par- 
tially purified by the method of Kline (6) or by the following 
modification. Seven grams of Fraction III’ were suspended in 
100 ml water, adjusted to pH 3.0 with n H,SO,, and stirred for 1 
hour. To avoid foaming, stirring was carried out at a fairly slow 
but constant rate in this step and in al] subsequent steps. The 
suspension was centrifuged at 4000 r.p.m. for one-half hour 
and the precipitate discarded. The supernatant fluid was ad- 
justed to pH 11.0 by the slow addition of n NaOH with constant 
stirring. After 1 minute the solution was readjusted to pH 5.3 
with n HCl where flocculation occurred. After storage at 5° for 
1 day, the suspension was adjusted to pH 2.0 with n HCl, and 
the insoluble material was removed by centrifugation at 4000 
r.p.m. for 1 hour. The supernatant fluid was carefully decanted 
and adjusted to pH 8.5 with n NaOH. After storage at 5° for 


1 Fraction III was obtained by Dr. Henry Piersma of these 
laboratories through the courtesy of Dr. T. Gerlough of E. R. 


Squibb and Sons, and Dr. J. N. Ashworth of the American Red 
Cross. 


1 day, the precipitate was collected by centrifugation at 4000 
r.p.m. for one-half hour and dissolved in 0.1 m sodium formate- 
formic acid buffer, pH 3.0. In agreement with the more recent 
studies of Kline (8), precipitation at pH 8.5 yielded a purer 
fraction than precipitation at a lower pH. 

Preparation of Carboxymethyl Cellulose Column—CM-cellulose 
was prepared from 325 mesh Solka-Floc cellulose (9), or type 
20 was purchased from the Brown Paper Company. Approx- 
imately 10 g of CM-cellulose were suspended in 100 ml of 0.1 
N HCl, stirred for several minutes, and filtered with the aid of 
suction. After several acid washes, the CM-cellulose was washed 
several times with water and then with the buffer employed in 
the adsorption step. All substances which absorb at 280 mu 
were removed by this procedure. Washed CM-cellulose was 
finally suspended in enough buffer to give a thin suspension 
and packed in a column under a pressure of 10 p.s.i. 

Adsorption and Elution of Plasminogen—Chromatography was 
carried out at 5°. A concentrated solution of plasminogen was 
dialyzed against the appropriate buffer and applied to the 
column slowly to permit adsorption. Two equal volume cyl- 
inders (10) were used to provide a gradient elution system. 
Flow rates, which were predetermined for each column size, 
did not exceed 15 ml per cm? per hour. 

Examination of Effluent. (1) Protein Measurement—Eluate 
fractions were examined for relative protein concentration in a 
Beckman DU spectrophotometer by determining the extinction 
at 280 mu. One optical density unit was found to be equivalent 
to 0.1 mg of N or 625 yg of protein. Specific activity was 
defined as proactivator units per optical density unit or per mg 
of N. One optical density unit was designated as the amount 
present in one ml of a solution which gives an optical density of 
unity. 

(2) Determination of Proactivator Activity—The assay, which 
has been described (5), is based on the activation of bovine 
plasminogen by mixtures of streptokinase and proactivator, the 
latter substance being present in human plasminogen prepara- 
tions. The amount of bovine plasmin formed is measured by the 
extent of hydrolysis of LMe.2, The method of diluting human 
plasminogen was modified in order to obtain soluble and stable 
plasminogen. At pH 6.4, ug quantities of human plasminogen 
are completely soluble in solutions containing lysine. Therefore 
plasminogen was first diluted in 10 m phosphate buffer, pH 
6.4, containing 2 X 10-? m lysine. This solution was further 


2 The abbreviations used are: LMe, t-lysine methyl ester; 
TAMe, tosyl L-arginine methyl ester. - 
8 J. J. Hagan, F. B. Ablondi, and E. C. De Renzo, to be published. 
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diluted in 10-' m phosphate buffer, pH 6.4, in which the plas- 
minogen remains soluble, in order to reduce the lysine concen- 
tration which would otherwise produce high blank values. The 
standard deviation of five assay values of a human plasminogen 
fraction was found to be +15% of the mean value. One unit 
of proactivator is that quantity which under the assay condition 
brings about the hydrolysis of 0.84 umole of LMe in 60 minutes. 

Assays for Plasminogen and Plasmin—Certain effluent cuts 
were assayed for plasminogen and plasmin by the procedures 
described below. 

(1) Determination of Plasminogen in Fibrinolytic Assay—The 
method of Christensen (11) served as a measure of fibrinolytic 
activity which could be derived from a given plasminogen prep- 
aration. Two thousand units of streptokinase per clot were 
sufficient for activation. Phosphate buffer containing lysine 
was used as a diluent for plasminogen. One fibrinolytic unit 
was defined as that amount of plasminogen which lyses a clot in 
20 minutes. 

(2) Determination of Plasminogen and Plasmin Activities with 
Synthetic Substrates—Streptokinase-activatable plasminogen and 
spontaneous plasmin activities were measured by the hydrolysis 
of TAMe (5, 12). One unit of activity was defined as that quan- 
tity which hydrolyzes 1 umole of TAMe in 30 minutes under the 
conditions of the assay. LMe was also employed as a substrate 
for measuring streptokinase-activatable plasminogen as well as 
plasmin activities (5). Phosphate buffer containing lysine was 
again used as a diluent for plasminogen. One unit of activity 
was defined as that quantity which under the conditions of assay 
hydrolyzes 0.84 umole of LMe in 60 minutes. 

(3) Determination of Plasminogen by Digestion of Casein—A 
modification of the procedure described by Kunitz (13) was fol- 
lowed. The reaction mixture was composed of 2 ml. of a 5% 
Hammersten casein solution, 0.5 ml (50 to 250 units) of strepto- 
kinase and 0.5 ml of human plasminogen, all dissolved in 0.1 
M phosphate buffer, pH 7.2. After incubation at 37° for 30 
minutes, the reaction mixtures and blanks were precipitated by 
the addition of an equal volume of 15% trichloroacetic acid, and 
then were centrifuged, and the concentration of cleaved prod- 
ucts in the supernatant fluid was determined by measuring their 
absorbancy at 280 my in a Beckman DU spectrophotometer. 
One unit of caseinolytic activity was defined as that quantity of 
human plasminogen which under the conditions of assay gave 
an increase in trichloroacetic acid-soluble products of 10-* op- 
tical density units. 

(4) Determination of Plasmin Activity by Fibrin Plate Method 
—The fibrin plate method of Astrup and Mullertz (14) as modified 
by Von Kaulla (15) was also employed as a measure of plasmin 
activity. Plasminogen preparations were diluted in lysinephos- 
phate buffer before assay. A standard reference curve was pre- 
pared by plotting on log-log paper plasmin concentration in 
terms of LMe-esterase units against size of lysed zones (di- 
ameter? in mm). It was found that 100 LMe-esterase units 
of plasmin produced a 30-mm? zone of lysis on heated fibrin 
plates. The size of lysed zones resulting from four dilutions of 
an unknown were plotted in the same manner. Plasmin ac- 
tivity of the unknown was then calculated in terms of LMe- 
esterase units. That concentration of plasminogen lysing a 
zone 30 mm? was taken to be equivalent to 100 LMe-esterase 
units. 

Immunochemical Analysis—An acid extract of Fraction III 
containing 10-' m lysine was adjusted to pH 7.5 and sterilized 
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by passage through a Seitz filter. Six New Zealand white rab- 
bits, weighing 2} to 3 kg, were given intravenous injections with 
1 ml of antigen (2.8 mg of protein) five times over a period of 13 
days. On the Ist and 3rd day, a 1-ml subcutaneous injection 
was included in the schedule. At the 32nd day, a second series 
of five intravenous injections was started and continued over a 
period of 12 days. Antibodies were detected on the 48th day 
by the agar diffusion technique of Ouchterlony (16). At 61 
days, the rabbits were bled by heart puncture and the serum col- 
lected and dried in the frozen state. 

Agar plates were prepared from a 1% solution of Noble agar 
in 10-! m phosphate buffer containing 10- o lysine and sodium 
ethyl mercurithiosalicylate (1 part per 5000) as a preservative. 
The warm solution was poured into flat bottom Petri dishes to a 
depth of % inch. After cooling, stainless steel antibiotic assay 
cups were placed on the agar and sealed by having an additional 
#s inch layer of warm agar poured on the plate. Antibody and 
antigen, both containing sodium ethyl mercurithiosalicylate as a 
preservative, were added to the appropriate cups and left to 
diffuse at room temperature. 


RESULTS 


Chromatography of Plasminogen on CM-cellulose Columns— 
Attempts to purify plasminogen, which had been purified by the 
method of Kline, by chromatography on anion exchange columns, 
were complicated because of its low solubility in the operative 
pH range of the exchangers. However, at pH 3.0, the region of 
maximal stability and solubility of plasminogen, CM-cellulose 
was found to be a good adsorbant of proactivator activity. 

Shown in Fig. 1 is an elution diagram of plasminogen chro- 
matographed on CM-cellulose. A decreasing pH gradient was 
set up by the gradual addition of 10-1 m HCI to 10-1 m formate- 
formic acid buffer, pH 2.75. About one-half of the protein did 
not adsorb and passed through after 1 column volume. This cut 
contained a small portion of proactivator activity. The bulk of 
the proactivator activity was eluted between pH 2.4 and 138. 
Proactivator and plasminogen assay values of pooled effluent 
fractions are shown in Table I. Within the standard deviation 
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Fic. 1. Effluent diagram of human plasminogen prepared by 
the method of Kline. Conditions: CM-cellulose column, size 
43 X 0.92 cm, volume 28 ml; protein charge = 58.5 mg N; decreas- 
ing pH gradient (250 ml 10-! m Na Formate-formic acid, pH 2.75 to 
250 ml 10-'m HCl). Recovery of protein and proactivator was 
essentially quantitative. *—— xX, pH; @——®@, OD units at 280 
mu; O——O, proactivator units per ml; A——A, proactivator 
units per OD unit (280 my). 
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Comparison of proactivator and plasminogen activities 
of chromatographed plasminogen 























P PMS ate of 
: roactivator |’ Proactiva- | Plasmino- | P'@Smino- 
Fraction analyzed Rov ed tor* gen? rad 
vator 
ony ms units/ml nt 
. units/ml 
Starting material¢ 35,000 40,000 1140 1:35 
Eluate 
Pool (1)4 20,000 3,600 120 1:30 
Pool (2) 82,000 27,000 660 1:41 
Pool (3) 50,000 6,300 





* Proactivator determined by the method of Ablondi and Hagan 
(5); see ‘“‘Experimental’’ section for details. 

> Streptokinase-activatable TAMe-esterase activity (5). See 
“Experimental”’ for details. 

¢ Prepared by the method of Kline (6). See ‘“‘Experimental”’ 
for details. 

¢ The numbers correspond to the eluate pools shown in Fig. 1. 
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Fic. 2. Effluent diagram of once chromatographed human plas- 
minogen. Conditions: CM-cellulose column, size 43 X 0.92 cm, 
volume 28 ml; plasminogen charge = 7.8 mg N; decreasing pH 
gradient (250 ml 10-! m sodium formate-formic acid buffer pH 2.75 
to 250 ml 107! m HCl). Recovery of protein, 88%; recovery of 
proactivator, 91%. Specific activity of proactivator: before 
chromatography, 82,000 units per mg N; after chromatography, 
84,000 units per mg N. X——X, pH; @——@, OD units at 280 
mu; O——O, proactivator units per ml; A——A, proactivator 
units per OD unit (280 my). 
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of the assay methods, the ratio of proactivator to plasminogen 
for the starting material and for the purest eluate fractions was 
the same. 

Rechromatography of Plasminogen on CM-cellulose by Decreas- 
ing pH Gradient Elution—After concentration and equilibration 
by dialysis, the center fraction (Pool 2) of the activity peak 
shown in Fig. 1 was rechromatographed under the same condi- 
tions. The results are shown in Fig. 2. The specific activity of 
proactivator was found to be constant throughout most of the 
main peak. The pooled eluate was found to contain about 10% 
plasmin by TAMe-esterase assay in the absence of streptokinase, 
indicating that plasmin was not completely separated from plas- 
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minogen or that plasmin was formed during the chromatographic 
and/or the assay procedure. 

Rechromatography of Plasminogen by Increasing Salt and pH 
Gradient—Since the solubility of plasminogen is increased by 
lysine through the middle pH range,’ an attempt was made to 
elute plasminogen from CM-cellulose by increasing the pH with 
buffer containing lysine. The purest fraction from a once chro- 
matographed plasminogen preparation was adsorbed on CM- 
cellulose at pH 2.9 in 10-* m sodium formate-formic acid buffer. 
An increasing pH gradient was established by the gradual addi- 
tion to the formate buffer of a buffer composed of 2.5 X 10-!m 
citric acid and 10 M lysine- HCl adjusted to pH 6.5 with NaOH. 
The effluent diagram is shown in Fig. 3. 

Minor components were eluted between pH 2.9 and pH 5.0, 
whereas proactivator was eluted above pH 5.0. Again the spe- 
cific activity of proactivator was greatest at the center of the 
peak. Fibrin plate assays showed that pooled fractions from 
the main peak all contained plasmin activity and the purest 
fractions contained the least amount of plasmin relative to pro- 
activator (Table II). Although this variable plasmin content 
contributed to the lower specific activity of proactivator on both 
sides of the peak, incomplete resolution of other minor compo- 
nents at the left of the peak also contributed to the lower specific 
activity of proactivator in this region. 

Chromatography of Plasminogen by other Elution Schedules— 
Although the nature of the adsorption and elution phenomena 
which occur under the conditions described above is not clearly 
understood, there can be no doubt that purification of proac- 
tivator activity is achieved. Ionic strength gradients at con- 
stant pH or stepwise decreasing pH elution schedules did not 
resolve the components present in partially purified plasminogen 
preparations. 

Stability of Chromatographed Plasminogen—Chromatographed 
plasminogen maintained at pH 2.0 in elution buffers or dialyzed 
against 10-3 m HCl could be stored at 5° for 1 month with no loss 
in activity. Preparations kept in the frozen state were stable 
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Fig. 3. Effluent diagram of once chromatographed plasminogen. 
Conditions: CM-cellulose column, size 0.92 X 43 cm, volume 28 
ml; plasminogen charge, 23.4 mg N; pH gradient, 0.01 m Na for- 
mate-formic acid, pH 3.0 to 0.25 M citric acid-0.1 m lysine pH 6.5. 
Recovery of protein, 98%; recovery of proactivator, 86%. 
x—X, pH; @——®@, OD units at 280 mz; O——O, proactivator 
units per ml; V——V, plasmin (LMEase units per ml); A——A, 
proactivator units per optical density unit. 





TaBLeE II 


Activities of pooled fractions from increasing salt 
and pH gradient elution 








Fraction Proactivator® a. 2 ; — : oe 
num activity esterase vator units 
units/ml units/ODe0 units/ml 

1 0 0 

2 40 266 0 

3 700 935 0 

4 11,000 6,500 390 1:28 

5 39,000 14,500 125 1:312 

6 24,000 10,700 210 1:115 

7 3,200 5,200 84 1:38 

















@ The fraction number corresponds to the number shown in 
Fig. 3. 

+ Proactivator determined by the method of Ablondi and Hagan 
(5); see ‘‘Experimental’’ section for details. 

¢ Determined on heated fibrin plates (15). See ‘‘Experimental”’ 
for details. 























@ See ‘‘Experimental’’ section for assay methods. 


creasing pH gradient) 


TaB_e III 
Biochemical activities of chromatographed and crude plasminogen 
> Se 3 38 
s | #3 a | 3% 
Proacti- a os go2 | do 
Plasminogen fraction assayed® vator ss 9.6 aos | 4s 
activity Su 35>)| 383 S<> 
SS | 385] ges | s&s 
v3 — 2m 2 oO. 
a an a n 
; plasmi ; 
units/ml easel pon units/ml — 
ml 
Fraction III 160) 160} 88 
Chromatographed (decreas- 160; 8,000) 66 
ing pH gradient) | 
| 
Fraction III 15,000) 160 1,800 
Chromatographed (de- | 17,000} 10,700 2,200 | 
creasing pH gradient) | | 
| 
Fraction III | 2,500 160] 250 | 
Chromatographed (increas- | 2,500) 14,500) 200 | 
ing pH and salt gradient) | | | 
| | 
Plasma | 2,000 28 | 66 
Chromatographed (de- | | 66 
} 
1 





for a few days, but prolonged storage resulted in a loss of proac- 
tivator activity. Salt-free preparations that had been lyophi- 
lized at pH 3.0 were initially stable but lost 90% of their pro- 
activator and plasminogen activities after 2 weeks in the dry 
state. 

Enzyme Activities of Chromatographed Plasminogen—A sum- 
mary of these results is presented in Tables III and IV. The 
ratios of (a) proactivator units to fibrinolytic units, (b) proac- 
tivator units to streptokinase-activatable caseinolytic units, and 
(c) proactivator units to streptokinase-activatable TAMe-es- 
terase units remain reasonably constant through a 50 to 90- 
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fold purification of proactivator over Fraction III and a 300- 
fold purification of proactivator over plasma. 

Activation of Chromatographed Plasminogen by Trypsin— 
Twenty milliliters of chromatographed plasminogen (14 mg N) 
were mixed with 20 ml of glycerol (17) and lysine was added to a 
concentration of 10-' m. The pH was adjusted to 7.6 with n 
NaOH. Then 1 mg of crystalline trypsin was added and the 
reaction mixture was preserved by the addition of sodium ethyl 
mercurithiosalicylate (1 part per 10,000). The mixture was in- 
cubated at 37° for several days. Aliquots were assayed peri- 
odically for proactivator, plasminogen, and plasmin activities by 
methods described above, and for trichloroacetic acid-soluble 
products (17). The results (Fig. 4) show a direct relationship 
between the disappearance of proactivator activity and the for- 
mation of plasmin and trichloroacetic acid-soluble substance 
which absorbs at 280 mu. They indicate that purified proac- 
tivator is converted to plasmin by the liberation of at least one 
trichloroacetic acid-soluble peptide. 

Also of interest is the observation that total streptokinase-ac- 
tivatable LMe-esterase activity increases during the formation 
of plasmin and the disappearance of proactivator activity. Be- 
cause of the complexities inherent in the assay system, the rea- 
son for this increase remains obscure. 

Immunochemical Analysis of Chromatographed Plasminogen— 
The photographs shown in Fig. 5 were taken after 27 and 47 


TABLE IV 
Ratios of biochemical activities present in chromatographed 
and crude plasminogen 
Calculated from the data of Table III. 








| ‘4 
} | . - | Ratio of proac- 
|Ratio of proac-| meee vet tivator units to 
Plasminogen fraction assayed | ,tivator units | ctrentokinase- | Streptokinase- 
-, to fibrinolytic | calbvakaiie FR sapie 
units | * . . e esterase 
Pree units oui 
Fraction III | £Sk | 9.15:1 
Chromatographed |} 2.4:1 | 10.12: 
| 
| 
Plasma | 30.3:1 
Chromatographed | 33.3:1 








* Averages of two determinations on two different chromato- 
graphed plasminogen preparations. 
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Deeo Absorbancy of TCA Soluble Products 
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Fic. 4. Activation of chromatographed plasminogen by trypsin. 
Oo O, streptokinase, activatable LMe-esterase (plasminogen 
and plasmin); A——A, LMe-esterase (plasmin); XK—— xX, tri- 
chloroacetic acid soluble products; @——®, proactivator units 
per ml. See text for details. 
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Fig. 5. Antigenic analysis of crude and chromatographed plas- 
minogen by the Gel Diffusion technique (17). The center cup 
contained undiluted antisera. The cups on the left, 13 and 2 cm 
from the center cup contained crude plasminogen. The cups on 
the right, 14 and 2 cm from the center cup contained chromato- 
graphed plasminogen. Both preparations assayed 4000 proacti- 
vator units per ml. Top photograph shows bands after 27 days 
diffusion. Lower photograph shows bands after 47 days diffu- 
sion. 


days of diffusion. Several bands were formed by diffusion of 
crude plasminogen against its antiserum, whereas only two were 
formed by the chromatographed plasminogen preparation. It 
may be significant that chromatographed plasminogen prepara- 
tions also display two activities, plasmin and proactivator. 
Furthermore, the major precipitin band formed from purified 
plasminogen does not appear to be present in the bands formed 
from crude plasminogen, a fact which would indicate that the 
molecular structure of plasminogen may have been altered dur- 
ing purification. Finally, if one of the bands does, in fact, repre- 
sent a precipitate of rabbit antihuman plasminogen and human 
plasminogen, rabbit plasminogen can probably be considered to 
be structurally different from human plasminogen. 
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DISCUSSION 


Kline (6) has reported the purification and crystallization of 
plasminogen, and the physicochemical properties of plasminogen 
prepared by this procedure have been examined by Shulman et 
al. (18). Electrophoretic and ultracentrifuge studies by the lat- 
ter investigators indicated that such plasminogen preparations 
contain about 30% impurity. The results of the present experi- 
ments show that major impurities in this type of preparation can 
be removed by chromatography on CM-cellulose. The physico- 
chemical characteristics of chromatographed plasminogen, which 
show a high degree of homogeneity, are presented in the following 
paper (7). 

Considerable controversy concerning the existence of proac- 
tivator as an entity distinct from plasminogen still exists (19). 
By the methods described in this paper “proactivator activity” 
was not separated from “‘plasminogen activity.”” Furthermore, 
although the purity of chromatographed plasminogen was in- 
creased up to 4 times that previously described in the literature, 
which represents a 300- to 400-fold purification over plasma, the 
ratio of proactivator activity to streptokinase-activatable plas- 
minogen activity remained essentially the same. These findings 
are interpreted as supporting the concept, previously proposed 
(5), that proactivator and plasminogen are identical. 

It should be stated that the evidence presented herein for the 
identity of proactivator with plasminogen can only be considered 
suggestive. In the light of the present enzymatic and immuno- 
chemical studies and the physical studies reported in the next 
paper (7), more than one molecular species is present, even in the 
most purified preparations. It remainsa real possibility that pro- 
activator and plasminogen are not identical. This, however, is 
contradicted by the maintenance of a constant ratio of proac- 
tivator activity to streptokinase-activatable plasminogen activity 
through a several-hundred-fold purification and the high degree 
of homogeneity of the purified preparation (7). 

Chromatographed plasminogen still displays plasmin activity. 
That plasmin can account for the proactivator activity, however, 
is highly unlikely. It has been previously shown that a mixture 
of streptokinase and plasminogen containing a large concentra- 
tion of plasmin (5) or trypsin-activated plasmin is, at best, a poor 
activator of bovine plasminogen. The data of the experiments 
on trypsin activation of plasminogen, which demonstrate a de- 
crease in proactivator activity as plasmin activity increases, fur- 
ther support this contention; in fact such data would be expected 
if plasmin were formed from proactivator. 


SUMMARY 


1. Human plasminogen, prepared by the Kline procedure, was 
chromatographed on carboxymethyl] cellulose to yield fractions 
up to 4 times purer in proactivator content. 

2. Highly purified plasminogen displayed the same ratio of 
proactivator activity to streptokinase-activatable plasminogen as 
crude plasminogen. 

3. Chromatographed plasminogen was shown, by immuno- 
chemical analysis, to consist of at least two antigenic components. 

4. The most highly purified plasminogen preparations still 
contain a small amount of plasmin activity. 

5. The problem of the identity of human plasminogen and pro- 
activator is briefly discussed. 
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The previous paper described the preparation and biochemical 
properties of plasminogen purified by adsorption on and elution 
from carboxymethyl cellulose (1). Such chromatographed prep- 
arations displayed a significantly higher specific activity than 
preparations of plasminogen hitherto described. It was there- 
fore considered of interest to investigate the physicochemical 
properties of the chromatographed plasminogen. 

The physical constants reported herein are in substantial agree- 
ment with those of Shulman et al. (2) with the exception of the 
experimentally determined value of the diffusion constant. As 
a consequence the calculated value for the molecular weight 
(83,800) is significantly lower than previously reported. 


MATERIALS AND METHODS 


Plasminogen was prepared from human Fraction III by meth- 
ods reported in the accompanying paper (1). Except for the 
electrophoresis experiments, the purified preparations were di- 
alyzed against 0.001 m HCl, 0.1 m NaCl pH 2.8. Three separate 
preparations are represented in this work. At least two concen- 
trations of each were subjected to sedimentation analysis to es- 
tablish consistency of product. Viscosity, partial specific vol- 
ume, and electrophoretic mobility measurements were made on 
the same sample and the diffusion constant was determined on a 
separate sample. Both samples showed an activity of 100,000 
proactivator units (1) per mg N. 

The concentration of one starting solution was determined by 
dialyzing a quantity against water and then drying a measured 
aliquot to constant weight at 105°. Other concentrations were 
based on quantitative dilution or comparative ultraviolet absorp- 
tion. 

Sedimentation analyses were made in the Spinco model EF ul- 
tracentrifuge equipped with a phase plate. The sedimentation 
constants were calculated from enlarged images of the Schlieren 
patterns and were corrected to the value in water at 20° in the 
usual way. 

The diffusion constant, D, was measured at 2.9° in the same 
buffer employed in the determination of sedimentation constants 
using the Spinco model H electrophoresis-diffusion apparatus. 
The boundary was sharpened to some extent but the amount of 
material available prevented attainment of optimum sharpness. 
The boundary was recorded by photographing Rayleigh inter- 
ference fringes at intervals for 50 hours and calculations were 
made by the method of Longsworth (3). 

Electrophoretic measurements were also made in the Spinco 
model H apparatus. A 0.2% solution of plasminogen was di- 
alyzed against glycine buffer pH 2.9, ionic strength 0.16. After 
electrophoresis of this solution was completed, the material was 
recovered from the cell, redialyzed against glycine buffer pH 4.95, 
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ionic strength 0.25 and analyzed again. Because of the poor 
solubility at higher pH values, electrophoresis was not attempted 
above pH 5.0. The mobility values were calculated from en- 
larged images of Schlieren patterns. 

Viscosity measurements were performed at 20° in an Ostwald 
viscometer with long flow time (water = 448 seconds) to mini- 
mize errors due to kinetic effects at the outflow orifice. The in- 
trinsic viscosity /n/ was found by extrapolating to zero concen- 
tration the values of specific viscosity per unit concentration. 

The partial specific volume, V, was determined by pycnometry 
at 20°. 


RESULTS 


Sedimentation analysis was done on three concentrations of the 
same plasminogen preparation used for viscosity, partial specific 
volume, and electrophoretic measurements. To provide addi- 
tional data on concentration dependence of s and to check the 
consistency of the product, the sedimentation constant was de- 
termined for two concentrations of the preparation used for the 
diffusion experiment and also for two concentrations of a third 
sample, one of these being in the formate buffer as eluted from 
the preparative column (1) prior to dialysis against HCl and 
NaCl. Centrifuge pictures showed consistently a single major 
component representing by area 90 to 95% of the material pres- 
ent. Fig. 1 is the sedimentation pattern of the first sample after 
centrifuging for 64 minutes at 52,640 r.p.m. in a double sector 
cell. Nosecondary boundaries were observed during this period. 
Fig. 2 is a plot of sedimentation constant against concentration 
which has been extrapolated to zero concentration, yielding a 
value of 4.30 Svedberg units for the sedimentation constant. 
The solid circle represents the sample in formate buffer. 

Table I gives the values of the diffusion constant obtained for 
a 0.2% solution during the diffusion experiment, the average 
after correction to water at 20° being 4.31 xX 10-7 cm? sec. 
Rayleigh fringe spacing showed a distribution which was slightly 
non-gaussian, an indication of a small amount of residual im- 
purity. Some error in the value of D must also be assumed due 
to the limited amount of boundary sharpening. 

The partial specific volume was calculated for three concentra- 
tions of plasminogen and yielded values of 0.709, 0.710, and 0.710 
cm? g-, 

The value obtained for intrinsic viscosity was 0.08. The vis- 
cosity increment, v, was calculated to be 11.95. 

Electrophoresis at both pH 2.90 and pH 4.95 presented a sin- 
gle boundary throughout the runs. The mobility values ob- 
tained from the descending boundaries were +6.6 xX 10-5 em? 
volt“ sec“! at pH 2.90 and +2.0 at pH 4.95. Fig. 3 shows the 
electrophoretic pattern at pH 2.90 for both descending and as- 
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cending boundaries at the start of the run and 256 minutes later. 
Although it was not possible to reach the isoelectric point, this 
would appear to lie between pH 5.5 and 6.0. 

The molecular weight was calculated by inserting the meas- 
ured values of s, D and V in the standard centrifuge equation. 
The value obtained is 83,800. 

From the viscosity increment the axial ratio can be obtained 
(4). Assuming no hydration, this figure is 9 for a prolate ellip- 
soid and 16 for an oblate ellipsoid. 

Another estimate of asymmetry can be made from the fric- 
tional ratio. The sedimentation and diffusion data yield a value 
for the frictional ratio of 1.84, which in turn leads to an axial ratio 
(5) of 16 for a prolate ellipsoid and 22 for an oblate ellipsoid. 





Fic. 1. Ultracentrifuge schlieren picture of 0.47% human plas- 
minogen after sedimenting 64 minutes at 52,640 r.p.m. 
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Fia. 2. Effect of concentration on sedimentation constant of 
human plasminogen. 











TABLE I 
Time Observed diffusion constant X 107 
sec 

17,015 2.492 
31,415 2.485 
45,815 2.481 
60,215 2.491 
74,615 2.491 
89,015 2.480 
153,815 2.486 
168, 215 2.483 
180, 815 2.491 


| Average 2.487 





Average corrected to water at 20°; 4.308 X 10-7. 
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Fic. 3. Electrophoretic pattern of human plasminogen in gly- 
cine buffer pH 2.9, °/2 = 0.16, showing starting boundary and 
boundary after 256 minutes. Electric field strength, 1.68 volts 
percm. Ascending boundary above, moving from left to right, 
and descending below moving from right to left. 


DISCUSSION 


Except for electrophoretic mobility for which glycine buffers 
were used the data for human plasminogen reported herein have 
all been obtained in the same solvent, 0.001 m HCl, 0.1 m NaCl 
pH 2.8. The sedimentation constant agrees well with that ob- 
tained by Shulman et al. (2) for their main peak. However, the 
heavier component reported by these investigators is not ob- 
served in our preparations. The elimination of this material is 
reflected in the value of 4.31 x 10-7 for the diffusion constant as 
compared to the value of 2.92 x 10-7 used in the previous work 
(2). Because of the high purity of the plasminogen it was con- 
sidered worthwhile to measure the partial specific volume rather 
than assume a standard protein value. Since the experimentally 
determined figure of 0.71 for this parameter is smaller than the 
usually assumed value, the effect of a higher diffusion constant 
is augmented in the calculation of a molecular weight with a sig- 
nificantly lower value than previously reported. 

The values of intrinsic viscosity and axial ratio are in close 
agreement with the values obtained in the earlier work. 

The difference in axial ratio obtained by viscosity and by sedi- 
mentation-diffusion was also observed by the previous authors 
(2) who speculated that it might be due to lack of an accurate 
diffusion constant and partial specific volume value or to inade- 
quacy of the molecular model. The results of the present study 
would indicate that the latter factor is probably the main cause 
of the remaining discrepancy. 

It has been postulated (6) that both proactivator and plas- 
minogen activities reside in the same molecule. Since the ma- 
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teria! described herein has the same ratio of plasminogen to pro- 
activator activities as found in plasma or crude Fraction III (1), 
its isolation as a highly purified, apparently single component, 
provides further support for such a hypothesis. 


SUMMARY 


Highly purified preparations of human plasminogen have been 
studied by physical techniques including determination of sedi- 
mentation constant, diffusion constant, partial specific volume, 
intrinsic viscosity, and electrophoretic mobility. 

The preparations exhibited a high degree of purity by these 
criteria. 

Physical constants obtained were: 


Sedimentation constant 4.30 Svedberg units 
(S20, w) 
Diffusion constant (Dep, w) 4.31 X 1077 em? sec 
Partial specific volume 0.71 em? g™ 
Intrinsic viscosity 0.08 
Electrophoretic mobility at pH 2.90 + 6.6 cm? volt sec 
at pH 4.95 + 2.0 


The calculated molecular weight was 83,800. The axial ratio 
was 9 to 16 for an unhydrated prolate ellipsoid and 16 to 22 for 


eseaana 
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an unhydrated oblate ellipsoid, the lower values being obtained 
from viscosity data and the higher from the frictional ratio. 
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The nature of the end groups in various types of ribonucleic 
acids has been the object of several investigations. Work in 
this field has been hampered by the difficulty of isolating sam- 
ples of ribonucleic acids under conditions which do not produce 
chemical changes in the molecule. In addition it appears proba- 
ble that most ribonucleic acid preparations are polydisperse, 
with the exception of those derived from the simple viruses. 
The ribonucleic acid from tobacco mosaic virus (TMV-RNA)! is 
advantageous for these studies because it can easily be obtained 
by very gentle procedures and is believed to approach chemical 
and physical homogeneity. 

The early studies of Cohen and Stanley (1) indicated that the 
nucleic acid was large. More recent studies of the sedimentation 
behavior of TMV-RNA (2-4) have indicated a molecular weight 
of the order of 1 to2 x 10® The ingenious electron microscopy 
studies of hot detergent-treated TMV carried out by Hart (5) 
also indicate that a particle of tobacco mosaic virus contains a 
single polynucleotide chain, the molecular weight of which would 
be 2.1 million on the basis of a particle weight of 40 million, con- 
taining 5.2% RNA (6). 

Consideration of the various possible methods for termination 
of the polynucleotide chain indicates that there are several pos- 
sible structures for a ribonucleic acid molecule (see Fig. 1). The 
molecule may terminate in a 3’- or, less probably, a 2’-phosphate 
(A), a 5’-phosphate (B), both a 3’- and a 5’-phosphate (C), or 
no terminal phosphate (D), or it may terminate as a cyclic phos- 
phate diester (Z, F). Other structures, e.g. branches from the 
2’-hydroxyl group of the p-ribose moieties, are possible, but since 
no evidence exists for such structures, they will not be considered. 

In their pioneering studies, Markham, Matthews, and Smith 
(7) determined the number of nucleosides and nucleoside diphos- 
phates which were formed upon alkaline digestion of TMV-RNA 
with and without prior treatment with prostatic phosphoes- 
terase. Their results indicated that the molecules of TMV-RNA 
were on the order of 50 nucleotides long and, furthermore, that 
the virus nucleic acid consisted of a variety of types of molecules 
with the majority of Type B (Fig. 1). Matthews and Smith 
later reported that these results were due to contamination of 
the earlier virus preparations by low molecular weight polynu- 
cleotide material (8). These authors as well as Reddi and 
Knight (9) showed that there actually occurred less than one 
nucleoside 5’-phosphate end in 1000 residues, the limit of detect- 
ability by the methods used. Reddi and Knight favored the 


* This work was aided by a grant from the United States Public 
Health Service. 

+ Present address, Department of Biochemistry, University of 
Washington, School of Medicine, Seattle, Washington. 

1 TMV is tobacco mosaic virus. 
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view that TMV-RNA contained 3’-phosphate ends (Type A 
Fig. 1). 

The object of the present investigation was to determine the 
number and, if possible, the nature of the terminal phosphate 
groups of TMV-RNA. These studies have been made possible 
by three considerations. First, chromatographically purified 
preparations of human prostatic phosphomonoesterase that are 
essentially free of diesterase activity (10) have become available. 
Secondly, methods have been developed which make it possible 
routinely to prepare P*-labeled virus that is at least 80% homo- 
geneous. The specific activity of this material is such that the 
liberation of 0.01% of the phosphorus, corresponding to 1 out 
of 10,000 nucleotides, can be readily determined in samples of 
less than one mg of RNA. Finally, it was found that electro- 
phoresis at pH 9.2 in ammonium carbonate buffer gave clean 
separations of inorganic orthophosphate (P;) from nucleic acid. 
This procedure permitted the quantitative determination of the 
inorganic phosphate released from RNA by various enzymes 
without the use of reagents and procedures that might be sus- 
pected of releasing additional orthophosphate. 


’ 


EXPERIMENTAL 


Preparation of P*-labeled TMV and TMV-RN A—Leaves of 
3-month-old Turkish tobacco plants were inoculated with a solu- 
tion of the common strain of TMV (100 wl per ml in 0.1 m phos- 
phate buffer, pH 7.0). After 4 to 15 hours, the leaves were de- 
tached from the plants and placed in 10-cm Petri dishes; the 
Petri dishes were in turn placed in 3-quart Pyrex baking dishes 
equipped with glass plates to prevent evaporation. Then 10 
ml of water or, in later experiments, a nutrient solution minus 
P; were added to each Petri dish followed by a neutralized solu- 
tion of radioactive sodium phosphate (47,000 me of P® per g of 
P).2. Usually 48 Petri dishes and a total of 30 mc of P®* were used 
for each experiment. The leaves were illuminated for 18 hours 
a day at room temperature; the total time of incubation was 
10 to 14 days. The leaves were then washed free of the incuba- 
tion medium and frozen. The frozen material was ground with 
a mortar and pestle, and at the same time sufficient 0.1 m solu- 
tion of dipotassium hydrogen phosphate was added to give the 
mass a pasty consistency. If difficulty was experienced in com- 
pletely disintegrating the plant tissue, about one-third volume 
of washed sand was added. The mixture was then strained 
through two layers of cotton gauze. The residue was triturated 


2 Because of the large quantities of P®? used in these prepara- 
tions, it is important to avoid contamination of the laboratory 
and persons working there. It has been found that a heavy coat- 
ing of wax is most helpful in preventing contamination of centri- 
fuge rotors. 
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with a small volume of the phosphate buffer and again strained. 
This process was repeated several times until the extract was no 
jonger dark green. The virus was then isolated from the com- 
bined extracts by four cycles of differential centrifugation. The 
low speed cycles consisted of a 20-minute centrifugation in the 
Servall SS-1 centrifuge at about 9,000 r.p.m., and the high speed 
cycle consisted of a 1-hour centrifugation at 22,500 r.p.m. (about 
60,000 X g) in the No. 30 rotor of the Spinco model L centrifuge. 
The first two pellets were taken up in 0.1 m phosphate buffer, 
pH 7, and two were taken up in water; they were allowed to go 
into solution gradually and were never triturated or mechanically 
abused. The final high speed centrifugation was occasionally 
carried out for more than 1 hour because the salt-free virus sedi- 
mented slowly and pelleted very loosely. The supernatant solu- 
tion from the final high speed centrifugation was saved because 
it frequently contained appreciable amounts of usable virus. 
The final virus preparations, at a concentration of 0.30 mg per 
ml in 0.01 m sodium phosphate, pH 7.0, were routinely examined 
in the Spinco model E ultracentrifuge equipped with ultraviolet 
optics. The preparations consistently contained 75 to 80% of 
material with $2, = about 1938. The rest of the material was 
distributed among rods ranging from about one-half to full length, 
although occasionally up to 5% of the total virus was present 
in the form of aggregated material. 

The nucleic acid was prepared by the phenol method (11) as 
modified in this laboratory (12). After the usual alcohol pre- 
cipitation, one or two precipitations with 0.75 to 0.85 m sodium 
chloride at 0° were often performed (see below), and material 
of lower infectivity and greater number of end groups was thus 
removed. The nucleic acid was stored at —80°. 

The infectivity of the nucleic acid was tested directly and also 
after reconstitution (13). Samples of reconstituted virus were 
also tested for their yield of stable sedimentable, 7.e. virus-like, 
material. 

Enzymic Digestion of TMV-RNA—The human prostatic 
phosphomonoesterase used in these experiments was generously 
supplied by Drs. L. Cunningham and M. Laskowski of Marquette 
University, Milwaukee, Wisconsin. One microliter of the en- 
zyme solution split 0.015 umole of dinitrophenyl-phosphate per 
minute at 36° (10). It degraded 3’-AMP 3.5 times as fast, and 
5'/-AMP half as fast. Its diphosphatase activity, as estimated 
with diadenosine monophosphate, was about 0.05% of its mono- 
esterase activity. A solution containing 0.3 to 1.0 mg of RNA 
in 0.1 to 0.2 ml of 0.001 m sodium acetate buffer, pH 6, was in- 
cubated with the stated quantities of the enzyme at 36° for vari- 
ous times. Aliquots were diluted, frozen, and stored at —80° 
before electrophoresis or assay. 

Electrophoretic Separation of P;—The buffer used was prepared 
by dissolving 38.4 g of ammonium carbonate and 16 ml of 15 N 
ammonia in 4 liters of water, final pH 9.2. Whatman 3MM 
paper was used in an apparatus that is a modification of the one 
described by Crestfield and Allen (14). The entire reaction 
mixture was spotted and run together with picric acid and sodium 
phosphate markers at a potential of 25 volts percm. The elec- 
trophoresis was terminated when the picric acid had migrated 
ll cm. Under these conditions inorganic phosphate migrated 
23 cm while the nucleic acid formed a streak from the origin to 
about 10 to 15 em. The rate of migration of the nucleic acid 
appears to be function of the extent of its degradation. The 
paper strip was thoroughly dried and then placed in contact with 
x-ray film (Kodak, medical x-ray film, ““No-screen Duplitized’’) 
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Fig. 1. Schematic representation of 6 possible chain end situa- 
tions for RNA. B, a purine or pyrimidine; P, a phosphate group, 
and vertical lines, ribose residues. The number of chain members 
(n) for TMV-RNA would be about 6500. 


for 3 to4 days. The area of the paper containing the phosphate 
marker was removed and sprayed with the Hanes-Isherwood 
reagent to determine the mobility of the orthophosphate marker. 
In all instances the mobility of the phosphate marker was identi- 
cal with that of the inorganic phosphate in the experimental 
samples as revealed by radioautography. The phosphate areas 
in the experimental samples were cut out and eluted with 3 ml 
of 0.01 m dipotassium hydrogen phosphate. On nickel plan- 
chettes, 2-ml samples were plated, with the addition of a drop 
of 0.01% solution of Triton X-100 detergent to insure even dry- 
ing. The radioactivity of the samples was then determined. 
When 300 to 500 wg of RNA with a specific activity of about 
1000 c.p.m. per wg were used, the release of phosphate correspond- 
ing to one end group per 3000 nucleotide residues gave a meas- 
ured activity of approximately 100 ¢.p.m. (7 times background). 
When a known amount of radioactive inorganic phosphate was 
treated according to the above procedure, the recovery was on 
the order of 85 to 90%. In one experiment, carrier inorganic 
phosphate was added to the radioactive material which migrated 
at the same velocity as inorganic phosphate. The mixture was 
analyzed for phosphorus by the method of Fiske and SubbaRow 
(15). When the reduced phosphomolybdic acid was extracted 
with tertiary amyl alcohol, it was found that 80 + 10% of the 
radioactivity was extracted. With P*-labeled RNA or a mixture 
of labeled nucleotides, only a small fraction of radioactive mate- 
rial was extracted. Areas which upon radioautography did not 
appear to contain radioactive materials likewise had negligible 
counts when extracts were assayed in the Geiger counter. 

The calculation of the number of phosphate end groups was 
based on the ratio of c.p.m. in the inorganic phosphate released 
to the total ¢.p.m. applied. The specific activity of the nucleic 
acid was determined along with the measurements of the radio- 
activity of the inorganic phosphate samples in order to avoid 
decay corrections. 


RESULTS 


Preliminary experiments indicated that the addition of 5 ul 
of prostatic phosphomonoesterase solution to 100 ug of TMV- 
RNA caused the release of about 0.02% of the total phosphorus 
as inorganic phosphate within 30 to 60 minutes, and only after 
longer incubation was there evidence for breakdown of the RNA 
as indicated by extensive streaking on electrophoresis and loss of 
biological activity. 
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Fig. 2. Electrophoretic separation of inorganic phosphate 
(P*) from nucleic acid (P%). Radio autograms on x-ray film of 
electropherograms (ammonium carbonate, pH 9.2, as described 


under ‘‘Methods’’) of phosphomonoesterase-treated and untreated 
TMV-RNA (P*2), 


As a test of the experimental technique, it was of interest 
to determine the number of terminal phosphate groups on samples 
of nucleic acid that were known to be badly degraded. For 
this purpose nucleic: acid was prepared from P*-labeled TMV 
that had been treated sonically until only 1% or less of the in- 
fectivity remained. Electron photomicrographs showed that 
the virus had been broken predominantly into 50- to 150-myu 
pieces by this treatment, and therefore, the nucleic acid must 
also have been broken in several places. The number of phos- 
phate groups released by phosphomonoesterase from nucleic acid 
derived from sonically treated virus corresponded to 0.1 to 0.3% 
of the total phosphate. In contrast, from intact RNA only 0.02 
to 0.03% of the phosphate was released by the enzyme, 
an amount which corresponds to 1.4 to 2.1 moles of phosphate 
per mole of RNA (2.1 X 10° g). The number of apparent ter- 
minal phosphate groups released upon incubation without enzyme 
is usually negligible, about 0.5% of that of the enzyme treated 
samples (Fig. 2). 

Kinetic experiments indicated that with about 5 ul of phos- 
phomonesterase per 100 ug of RNA the phosphate release ap- 
proached completion in half an hour, at 35°, and an increase in 
the time of incubation (Table I, Samples 1c and 1d) or a 5-fold 
increase in the level of enzyme used (Table I, Sample le) did not 
greatly affect the results. Repeat determination on the same 
sample of RNA done at different times gave similar results (com- 
pare Samples lc with 2b and 1d with 2d). It should be noted 
that when a lower level of enzyme was used (Samples la and 1b), 
the about of phosphate released was small and continued to 
increase to the end of the test period. 

One preparation of nucleic acid contained an unusually large 
number of terminal phosphate groups, 0.1%. It seemed possible 
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that this was caused by the presence of a greater proportion of 
smaller fragments due to breakage. Experiments in progress 
suggest that the amount of such degraded RNA may be de- 
creased by precipitating the intact RNA with NaCl (0.75 m), 
An attempt to apply this technique to the above mentioned 
sample yielded a fraction containing 0.03% of terminal phos- 
phate. In Table II are given the results of several experiments 
in which sodium chloride fractionation with different RNA prep- 
arations was used. The number of terminal phosphate groups 
in the sodium chloride precipitate was usually lower than that 
in the unfractionated sample, or in the supernatant when it was 
obtained in sufficient amount for analysis. It would thus appear 
that sodium chloride precipitation achieves some separation from 
shorter, presumably broken, chains. 


TABLE [ 
Effect of phosphomonoesterase on TMV-RNA 





| 


Level of Terminal phos- 





Sample ensyme* Time | phate released | Infectivityt 
‘> ih, cae ; pl : -_ é % of total P | i 
la 1 30 0.009 | 39 
1b 1 isn” CU | hes | ee 
le 5 30ClUd|l (iOS; tt 
ld 5 199 ~—C| Ones) 3.5 
le 25 30 0.030 5.2 
2a 5 15 0.0200 | 56 
2b 5 30 0.024 60 
2Q¢ 5 60 | 0.031 33 
2d 5 180 0.036 9 





* Microliters of prostatic phosphomonoesterase solution used 
per 100 ug of RNA. 

Tt Infectivity determined on reconstituted virus and expressed 
as percentage of infectivity of virus prepared from the correspond- 
ing incubated control RNA. In different experiments the in- 
fectivity of the control RNA, assayed after reconstitution, de- 
creased by from 20 to 50% during the 3-hour incubation period. 


TABLE II 
Effect of phosphomonoesterase* on sodium chloride 
fractionated RNA 





Terminal phosphate 








eae se Infectivityt 
Fraction Time | | | 
Exper- | Exper- Experi- | Exper-| Experi- Exper- 
iment iment ment |iment| ment | iment 
ee a eS ie C 
ine =| sour |) poe 
Precipitate 30 | 0.02 | 0.017; | 51 | 68 
60 | | 0.018) 0.022, | 18 | 14 
180 | 0.033) 0.022) 0.032} 1 | 1.7] 0.6 
360 | | 0.022 | 0.14 
600 | 0.035 0.0 | 
| | 
| | } 
Supernatant 180 | 0.067) 0.033 | 0.1) 1.0 
Unfractionated 60 | 0.033 | 20 
180 | 0.071 32 | 





* 0.012 ml of enzyme was used per 0.1 mg of RNA. 
{ Infectivity, determined after reconstitution and expressed as 
percentage of the infectivity of the incubated control RNA. 
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The infectivity of the RNA decreased at an appreciable rate 
under the influence of the enzyme, whereas in the absence of 
enzyme little loss of infectivity occurred, averaging 50% after 6 
hours of incubation. The rate of inactivation of enzyme-treated 
samples varied somewhat from one experiment to another, but 
it was always continuous, averaging about 90% in 90 minutes, 
and thus differed greatly from the rate of release of inorganic 
phosphate, which, in most experiments, decreased greatly after 
30 minutes. 

In control experiments, suggested by a reviewer and performed 
by Mr. T. Sugiyama, the rate of splitting by 0.025 ul of enzyme 
of 3’-AMP and 5’-AMP (0.5 umole) was studied in the presence 
of either intact or partly degraded RNA (0.1 mg). These experi- 
ments showed no effect on 3’-AMP hydrolysis, but some decrease 
(less than 50%) by the degraded RNA of the rate of 5’-AMP 
hydrolysis. 


DISCUSSION 


From these studies valid conclusions concerning the number 
of chain end groups are possible only if the P® labeling is uniform 
throughout the molecule and particularly at the ends as com- 
pared to the rest of the nucleotide chain. The conditions of 
virus growth maintained in these experiments make this uniform 
labeling highly probable; nevertheless, attempts to test this ques- 
tion experimentally seemed advisable. To this end, labeled 
virus was briefly treated at 78° with 0.01% sodium dodecylsul- 
fate to dissolve off a small fraction of protein, presumably from 
the ends of particles (16, 17). The particles were then treated 
with ribonuclease, and the corresponding fraction of now ex- 
posed RNA was released in nonsedimentable form. When the 
extent of labeling in these terminal nucleotides was compared 
with that of the intact or the remaining virus or its RNA, iden- 
tical values, in counts per ug of phosphate, +2% of average, 
were obtained. 

Another important factor in interpreting as small an enzymatic 
effect as that obtained in the present study is the purity of the 
substrate preparation. The method of preparation of uniform 
TMV used in these experiments has been evolved over a period 
of several years. The final virus preparations usually formed 
water-clear pellets with no visible trace of green plant material. 
The possibility of contamination of the virus and of the final 
RNA preparation by trace amounts of radioactive plant mate- 
rials appears small in view of the rather consistent finding of 
about 0.03% of the phosphate as phosphomonoesterase-labile in 
about 20 experiments done on different samples of P*-labeled 
RNA. That the enzyme is definitely able to attack the terminal 
phosphates of long polynucleotide chains is supported by the 
finding of increased numbers of phosphate ends in the RNA 
from sonicated virus preparations. Also of importance is the 
demonstration that both 3’-AMP and 5’-AMP are cleaved by 
traces of the enzyme in the presence of much RNA or degraded 
RNA. 

Infectivity tests proved RNA preparations to be quite stable 
under the test conditions, probably because the buffer medium 
selected was of low-ionic strength (17). However, occasional 
samples have been found to be unstable when incubated at 36°, 
as evidenced by rapid loss of infectivity in control solutions, 
extensive streaking on electrophoresis, and low yield upon re- 
constitution with TMV protein. This instability had been at- 
tributed to trace contamination of the RNA by tobacco leaf 
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ribonuclease or related leaf enzymes (18); but it appears that 
this incipient degradation yields mostly 2’-3’ cyclic ends, since 
it was found that the amount of inorganic phosphate released by 
phosphomonoesterase from samples of unstable TMV-RNA be- 
came quite small at the usual point when about one phosphate 
had been released per 3500 nucleotide residues. 

The progressive decrease in infectivity produced by the en- 
zyme, in turn, may be attributed to its trace contamination with 
a diesterase. That the RNA progressively degrades is indicated 
by increasing streaking upon electrophoresis. Decreasing yields 
obtained upon reconstitution of such enzyme-treated RNA sam- 
ples, 32 and 10% of control after 1 and 3 hours of enzyme treat- 
ment, also indicate chain breakage (19). This degradation must 
also lead to cyclic ends, since the number of phosphomonoesterase- 
susceptible sites is not found to increase proportionately upon 
prolonged incubation. The difference between the kinetics of 
inactivation and of phosphate release, resulting after 15 to 30 
minutes of reaction in samples which retain most of their in- 
fectivity although they have released most of their terminal 
phosphate (see Tables I and II), suggests that the action of the 
phosphomonoesterase on the molecule is not per se inactivating. 

Having discussed the evidence that small but definitive 
amounts of inorganic phosphate are released from the infectious 
RNA under the influence of phosphomonoesterase, we must now 
consider the significance of this finding. The average amount 
released approaches a plateau of about 0.025% of the total phos- 
phorus, or 1 mole per 1.25 million g of RNA. Thus end group 
data are in general accord with the conclusion derived from physi- 
cochemical methods, that the molecular weight of TMV-RNA 
is higher than 1 million. The question arises whether the result 
should be regarded as evidence that each RNA chain has a mole- 
cular weight of 2.5 X 10° and carries 2 terminal phosphate groups 
(Fig. 1C). Although the preferred calculated molecular weight 
of intact TMV-RNA is about 2.1 million, this interpretation of 
the data might have to be considered if the preparations under 
study were homogeneous. Actually, ultracentrifuge patterns of 
good RNA preparations show only about 50 to 70% of the mate- 
rial to have a uniformly high sedimentation rate, and the highest 
yields of full size and fully active virus obtainable from such 
preparations upon reconstitution fall within the same range. 
That the number of terminal phosphate groups is slightly lower 
in a more active salt-precipitated fraction than in the supernatant 
also indicates that some end groups are derived from shorter 
chains. Thus it appears that the minimal molecular weight of 
about 1.25 x 10°, derived from the amount of terminal phos- 
phate released by average RNA preparations, represents a reason- 


‘able approximation to the expected, if one assumes 1 terminal 


phosphate per chain, be it of the standard 6500-unit length 
(molecular weight about 2.1 x 10°) or of a shorter fragment. 
The alternate possibility would be that all of the phosphate 
released by phosphomonoesterase was derived from fragmented 
molecules, and that the intact viral RNA was actually of Type 
D or E. The absence of detectable phosphate in an occasional 
digest seemed evidence for this possibility. However, attempts 
to separate such intact RNA by repeated salt fractionation and 
thereby to decrease its end group content below the level of 1 
per 2 million were not successful. It is, therefore, regarded as 
probable that the TMV-RNA present in intact virus rods bears 
1 terminal phosphate. Current studies in this laboratory on the 
binding of radioactive thiosemicarbazide by TMV-RNA after 
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treatment with prostatic phosphomonoesterase and periodate 
oxidation indicate that at least part of the terminal phosphate 
is on the 3’ or the 2’ position of the terminal nucleoside residue* 
(A, rather than B, of Fig. 1). 


SUMMARY 


Under the influence of phosphomonoesterase, ribonucleic acid 
from tobacco mosaic virus releases 1 inorganic phosphate per 
3000 to 5000 nucleotides. This is interpreted as signifying that 
each intact ribonucleic acid molecule of about 6500 nucleotides 


3 These experiments were carried out according to a procedure 
proposed by J. D. Smith and R. Dulbecco (personal communica- 
tion). As they had also observed, some S*5-thiosemicarbazide 
was found to be bound by the RNA “‘nonspecifically,”’ 7.e. without 
prior oxidation; phosphomonoesterase treatment alone did not af- 
fect this value; periodate treatment (0.1 to 0.5 umole per 0.1 mg 
of RNA at 20° for 10 minutes) approximately doubled the capacity 
of the RNA for S*5-thiosemicarbazide; and finally, enzymatic de- 
phosphorylation followed by periodate treatment led to another 
2-fold increase. Depending on the thiosemicarbazide concentra- 
tion (0.2 to 2.5 umoles per 0.1 mg of RNA at 35° for 1 hour) and 
other factors, the amounts of S** stably bound corresponded in 
most experiments to about 0.2 to 1 mole per mole of RNA (2.1 X 
10°) without oxidation, 0.4 to 2 moles after oxidation, and 0.8 to 
4 moles after dephosphorylation followed by oxidation. ‘‘Stably 
bound”’ means that repeated further alcohol precipitations of the 
RNA, even in the presence of added cold thiosemicarbazide, did 
not significantly decrease a given value. The addition of alde- 
hydes (acetaldehyde and formaldehyde), however, did cause 
marked and proportional decreases in all samples, with no indica- 
tion of differences in the stabilities of thiosemicarbazide binding 
in oxidized and control RNA samples. The lack of a clear-cut 
stoichiometry in these experiments has led us to discontinue them 
temporarily and to search for other methods of determining termi- 
nal 3’-phosphate groups. 
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carries, at most, 1 terminal phosphate, and that additional phos- 
phate ends are due to chain breakage. 

From the difference in the kinetics of dephosphorylation and 
of decrease in infectivity, it is concluded that the intrinsic action 
of the phosphomonoesterase on viral ribonucleic acid is not in- 
activating. 
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The active sites of chymotrypsin and trypsin have much in 
common, with respect to amino acid sequence, pH and tempera- 
ture dependence of activities, and inhibition by phosphate esters. 
There is increasing evidence that these enzymes do not differ in 
their specificities as strongly as was originally thought to be 
the case. Schwert et al. (1) and Castafieda-Agull6é and del 
Castillo (2) found that the hydrolysis of benzoylarginine methy] 
ester is catalyzed by chymotrypsin, though at a rate consider- 
ably below that observed with trypsin. Laskowski (3) showed 
that trypsin has definite “chymotryptic” activity which cannot 
be ascribed to contamination of trypsin by small amounts of 
chymotrypsin. Both enzymes catalyze the hydrolysis of p-nitro- 
phenylacetate (4, 5), the 8-naphthy] esters of acetyl- and benzoy!- 
phenylalanine (6), and various fatty acid esters of m-hydroxy- 
benzoic acid (7). Chymotrypsin was recently found to hydrolyze 
a lysyl peptide bond in a-corticotropin (8). Further evidence of 
cross reactivity has appeared in experiments with p-nitrophenyl 
esters of several carbobenzoxy amino acids (9, 10). 

In view of the important effects of substrate concentrations 
and other experimental conditions on enzymic reactions, it is of 
interest to study systematically the action of both chymotrypsin 
and trypsin on two substrates one of which is usually considered 
to be specific for chymotrypsin and the other for trypsin, under 
similar experimental conditions so that direct comparisons can 
be made. In this paper we report experiments with the use of 
ATE! and BAE as substrates. 

It has been shown (4, 11-14) that a-chymotrypsin probably 
acts on small substrates by a three-step mechanism: 


ky 
E+ 8 Es’ 


v1 


ko 
ES' —— ES” + P’ (1) 


kz 
ES’ — E +P” 


v3 


where the intermediate HS” is an acylated derivative of the 
enzyme. It is quite possible that a similar mechanism holds for 
trypsin catalyses. When this mechanism applies, “initial” rate 


* Contribution No. 1583 from the Sterling Chemistry Labora- 
tory of Yale University. This research was aided by grants from 
the National Institutes of Health, United States Public Health 
Service (RG-4725), and the National Science Foundation (G-2855) . 

The abbreviations used are: ATE, acetyl-L-tyrosine ethy! 
ester; BAE, benzoyl-t-arginine ethyl ester; STI, soybean trypsin 
inhibitor. 


measurements on the steady state phase of the reaction can only 
yield the complex kinetic parameters 





‘ —~kithe ks 
Knupp) = ki kat ks @) 
and 
1 1 1 
ee eee 3 
kstapp) ke + ks ( ) 


It is obvious that interpretation of parameters such as these 
which involve several individual rate constants is at best very 
uncertain. 


EXPERIMENTAL 


Materials and Methods 


Substrates—BAE was purchased from Mann Research Labora- 
tories, and was used without further purification; m.p. 130° 
(lit. (15) 129-130°). ATE was obtained from the same source; 
N content: found, 5.52%, theory, 5.57%. In all experiments, 
substrate concentrations were determined by the amount of 
standard alkali required to neutralize the acid liberated on com- 
plete hydrolysis. 

Proteins—a-Chymotrypsin (three times recrystallized, salt- 
free, lot No. CD576-81), trypsin (twice recrystallized, salt-free, 
lot No. 685), and soybean trypsin inhibitor (lot No. 5425) were 
obtained from Worthington Biochemical Corporation, and were 
used without further purification. Protein concentrations were 
determined by the micro-Kjeldahl method, with 15.0% as the 
nitrogen content of trypsin (16), 16.5% as that of a-chymotryp- 
sin, assumed to have the same N content as a-chymotrypsinogen 
(17), and 16.7% as that of the soybean inhibitor (18). Molar 
concentrations were computed taking 23,000 as the molecular 
weight of a-chymotrypsin (19), 24,000 as that of trypsin (20, 21) 


’ and 18,000 as that of soybean inhibitor (22, 23). 


Kinetic Method—Rates of hydrolysis were determined by the 
pH-stat method of Schwert et al. (1) with a Radiometer automatic 
titrator Model TTT 1a and a syringe drive and recorder manufac- 
tured by Ole Dich, Copenhagen, Denmark. The rates reported 
in this paper are initial rates and are considered to be accurate to 
approximately 3% except in the case of substrate concentrations 
much lower than K,n.)») Where marked curvature of the reaction 
plot isencountered. All measurements were made at pH 8.0 (de- 
termined at the temperature of the experiment); it was assumed 
that both enzymes exhibit maximum activity at this pH. A 
reaction volume of 200 ml and 0.02 m NaOH as titrant were used 
in the experiments with trypsin and BAE because of the very 
low value of Km app); in all other cases, a reaction volume of 10 
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Fig. 1. Eadie plots for the hydrolysis of BAE by a-chymotryp- 
sin, 0.2m KCl, pH 8.0. The dashed curve at 25° is the calculated 
behavior for a mixture of 99% a-chymotrypsin and 1% trypsin. 


ml and 0.05 m NaOH as titrant were used. Hydrolysis of BAE 
by a-chymotrypsin was measured in 0.2 m KCl to prevent di- 
merization (24, 25) of the enzyme. All hydrolyses of ATE were 
measured in solutions containing 5% dioxane to enable concen- 
trations of the substrate up to the order of 10-? m to be used. 


RESULTS AND DISCUSSION 


Hydrolyses of BAE by Chymotrypsin—Eadie (26) plots for ex- 
periments on the hydrolysis of BAE by a-chymotrypsin at 15°, 
25°, and 35° are given in Fig. 1, and the kinetic parameters de- 
rived from these plots are summarized in Table I. The reac- 
tions follow Michaelis-Menten kinetics with good accuracy. 
That they are indeed due to a-chymotrypsin and not to contami- 
nating trypsin is readily demonstrated because of the unusually 
small value of K mcapp) for the BAE-trypsin system. The dashed 
curve for 25° in Fig. 1 is the calculated Eadie plot for a mixture 
of 99% a-chymotrypsin and 1% trypsin, with the Kapp) and 
ksapp) Values for trypsin determined under the same conditions? 
(see Table I), and a ks,app) for a-chymotrypsin selected to give 
the total maximum rate obtained by extrapolation of the experi- 
mental data. It is evident that the contamination of trypsin in 
the a-chymotrypsin is well under 1%. Further indication of 
this is obtained from measurements of the inhibitory effect of 
indole, summarized in Fig. 2. The initial rate of hydrolysis, in 
absolute units, is plotted against the product of the initial rate 


2 T. Inagami and J. M. Sturtevant, unpublished experiments. 
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TABLE I 
Kinetic parameters for enzymic hydrolyses at pH 8.0 



































System Temperature} kaapp) Km(app) 
| sect moles /l 

BAE + 15 0.73 0.0154 

a-chymotrypsin 25 1.45 0.0152 

0.2 mM KCl | 35 2.16 0.0159 
BAE + | 15 5.7 | 5.4xX 10-8 

trypsin | 25 8.4 1.0 X 10-5 

0.2 m KCl 35 11.0 1.8 X 10-5 
BAE + 15 v7 2.2 X 10° 

trypsin 25 14.6 4.3 X 10-8 

0.025 m CaCl, 35 24.2 9.0 X 10-6 
ATE + trypsin 15 8.9 0.049 

5% dioxane 25 14.5 0.042 

0.05 m CaCl, 35 40.0 0.049 
ATE + a-chymotrypsin 15 79 0.0028 

5% dioxane 25 173 0.0032 

0.05 m CaCl: 35 317 0.0060 

1 | 
INHIBITION BY INDOLE 
0.4 CHYMOTRYPSIN + BAE id 
O.2MKCi pH8 25° 
° 
ta | 
2 , sec 
El, i 4 
Ps | 
0 2 & 


a x 10°, M sec’ 


Fic. 2. Inhibition by indole of the hydrolysis of BAE by a- 
chymotrypsin, 0.2 mM KCl, pH 8.0, 25°. [Slo = 7.05 X 10°? M. 


by the inhibitor concentration for a series of experiments in 
which the substrate concentration was held constant. For com- 
petitive inhibition, the slope of such a plot is given by the ex- 
pression —K mapp)/Ki ({Slo + Km app»), Where K; is the inhibi- 
tor constant and [S]o is the initial substrate concentration. Fig. 
2 gives the value K; = 6.4 X 10-‘ M, in reasonable agreement 
with the value 7.0 x 10-4 m reported by Huang and Niemann 
(27). Indole also inhibits trypsin, but with an inhibitor con- 
stant of about 0.02 m.? 

Hydrolysis of ATE by Trypsin—Data on the hydrolysis of 
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Fic. 3. Eadie plots for the hydrolysis of ATE by trypsin in 5% 
dioxane, 0.05 m CaClz, pH 8.0. The dashed curve at 35° is the 
calculated behavior of a mixture of 99% trypsin and 1% a-chymo- 
trypsin. 


ATE by trypsin at 15°, 25°, and 35° are summarized in the form 
of Eadie plots in Fig. 3. Because of the limited solubility of the 
substrate, there is considerable uncertainty in the values of 
K mcapp) aNd kgcapp) for this system which are listed in Table I. 
The dashed curve at 35° is calculated for an impurity of a-chy- 
motrypsin of 1%, with the Kmapp) and kacapp) values for a- 
chymotrypsin determined under the same conditions (see below), 
and kscapp) for trypsin selected to give the total maximum rate 
obtained by extrapolation of the experimental data. In this 
case, the relatively large value of Kmcapp) for the ATE-a-chy- 
motrypsin system (5.9 X 10-* m) makes it more difficult to 
demonstrate that the observed hydrolysis is in only small meas- 
ure due to the a-chymotrypsin present. Inhibition by the highly 
specific soybean trypsin inhibitor was used to show that trypsin 
caused practically all of the observed hydrolysis. In Fig. 4, the 
relative rate of hydrolysis at a fixed enzyme concentration is 
plotted against the total concentration of STI. The first part 
of the curve is a straight line which extrapolates at zero rate to a 
value for [STI]> equal to the enzyme concentration, in agree- 
ment with the stoichiometry reported by Green (22) and Sturte- 
vant. It is evident that the data deviate widely from what 
would be expected for a-chymotrypsin, for which the association 
constant of the enzyme-inhibitor complex is approximately‘ 
5 X 10° m- (18); the deviation from the curve calculated for 


’J. M. Sturtevant, unpublished experiments quoted by M. 
Laskowski and M. Laskowski, Jr., (23). 

‘ The interaction between STI and a-chymotrypsin appears not 
to be describable in terms of a simple 1:1 stoichiometry (ref. (28), 
and T. Inagami and J. M. Sturtevant, unpublished experiments). 
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5 X 10° m“, the approximate association constant for the tryp- 
sin-STI complex (22), is probably due to the a-chymotrypsin 
present. At(STI|>o = 2 x 10-*m we can assume that the trypsin 
is completely inhibited; from the residual activity and assuming 
a value of 5 X 10° m for the association constant of the a- 
chymotrypsin-STI complex, we calculate that the trypsin con- 
tains approximately 0.07% a-chymotrypsin. 

Hydrolysis of ATE by a-Chymotrypsin—For purposes of com- 
parison with the tryptic hydrolysis of ATE, it was necessary to 
determine the kinetic parameters for the hydrolysis of ATE by 
a-chymotrypsin in the presence of 0.05 m CaCle. As we ex- 
pected, the data conformed to Michaelis-Menten kinetics, and 
Eadie plots gave the kinetic parameters listed in Table I. 

Comparison of Specific and Nonspecific Reactions at 25°— 
Trypsin hydrolyzes ATE at a maximum rate one-twelfth as fast 
as a-chymotrypsin, and has an apparent Michaelis-Menten 
constant over 10 times as large. Thus, at a substrate concentra- 
tion such that hydrolysis by a-chymotrypsin proceeds at half its 
maximum value, hydrolysis by an equal concentration of trypsin 
would be only 1.2% as fast. In contrast to this situation, 
a-chymotrypsin hydrolyzes BAE at a maximum rate one-sixth 
as fast as trypsin under the same experimental conditions, but 
with Knapp) 1500 times as large, so that at equal enzyme con- 
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The dashed lines show the behavior expected for various values of 
the enzyme-inhibitor association constant. 
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centrations and a BAE concentration sufficient to give half maxi- 
mum rate with trypsin, the a-chymotrypsin hydrolysis would be 
only 0.02% as fast as the trypsin hydrolysis. The specificity of 
both enzymes depends not only on the apparent Michaelis- 
Menten constant but also on the maximum rate, the dependence 
on the former being especially marked in the case of trypsin. 
The limited data available suggest that specific hydrolysis will be 
favored over nonspecific hydrolysis by decrease in the tempera- 
ture, since the Km:app) values for both of the specific hydrolyses 
reported here decrease more rapidly with decreasing temperature 
than do the corresponding values for the nonspecific hydrolyses. 

The data given in Table I might lead one to conclude that 
a-chymotrypsin exerts its specificity mainly through its maxi- 
mum rate of hydrolysis while trypsin exerts its specificity pri- 
marily by strong binding of the substrate. However, it should 
be emphasized that interpretations of this kind must be viewed 
with caution. Thus, if we assume for both enzymes the three 
step mechanism of equations (1), the data for the hydrolysis of 
BAE can be accounted for on the basis of equal binding of the 
substrate to the two enzymes, and equal rate constants for the 
hydrolysis of the acyl enzymes, but with the rate constant for 
the acylation of trypsin about 9000 times larger than that for 
a-chymotrypsin. This would give ke = 1.55 X 10‘ sec" for 
trypsin, and ki > 8 X 10° m~ sec; although this value for ke 
is indeed large, it does not lead to a value of k; exceeding diffusion 
limitations (29). Similarly, in the case of ATE, with equal 
values for the true K,, and for kz, we should only have to assume 
that k. for the formation of acetyltyrosylchymotrypsin is 150 
times as large as that for the formation of acetyltyrosyltrypsin. 
In the absence of experimental values for k or ks, it is impossible 
to determine what portion of the observed effects is to be at- 
tributed to actual differences in substrate binding. 

Apparent Thermodynamic Parameters—The values of ks:app) 


TABLE II 


Apparent thermodynamic parameters for enzymic 
hydrolyses at pH 8.0 and 25° 


(AH, AF in calories per mole, AS in calories per mole per degree) 





System \AH? (app) AF? (app) |45* app) |AH®app) | AFapp) | AS%app) 
| | | 


BAE + | 
| 
| 





17200 | —24 0 | 











10000 | 2500 —8 


a-chymotrypsin | 


0.2 m KCl 


BAE + 5300 | 16100 | —36 | 11000 | 6800 
trypsin | 
| 


+13 
0.2 m KCl 
9600 | 13000 


| 
| | | 
| | 


BAE + 15800 | —21 


trypsin 
0.025 m CaCl, 


7300 | +18 





15800 | —10 0 | 


| | 

ATE + trypsin | 13000 1900 | 

5% dioxane | 

0.05 m CaCl, } | 

| ‘ | | | 

ATE + a-chymo- | 12000 | 14300 | —7 | 5200 3400 | +6 
trypsin | 

5% dioxane | | 

| 


0.05 m CaCl, 
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given in Table I give linear plots of log ks,app) against the recipro- 
cal of the absolute temperature with an average deviation of 7% 
in ksapp). The slopes of these plots can be interpreted in a 
purely formal manner to give values of AH(3,,), the apparent 
activation energy. Similarly, plots of log Kmcapp) against 1/T 
are found to be linear with an average deviation of 5%, and the 
slopes of these plots give values for AH 2,,), the negative of the 
apparent enthalpy of binding of substrate. These apparent 
thermodynamic quantities are listed in Table II, together with 
values of the corresponding standard free energies and entropies. 
It is interesting that AH 2,,) is zero and AS(8,,) is negative for 
both of the nonspecific hydrolyses. This fact, together with the 
relatively large values of Km app) for these cases, may perhaps 
be taken as some justification for the view that differences in 
actual substrate binding are indeed of importance in the systems 
studied here. It may be noted that AH(3,,) is smaller for the 
hydrolyses of BAE by both enzymes than for those of ATE. 


SUMMARY 


It is shown that a-chymotrypsin catalyzes the hydrolysis of 
benzoyl-L-arginine ethyl ester at 35° at a maximum rate which 
is 20% of that observed with trypsin, and trypsin catalyzes the 
hydrolysis of acetyl-L-tyrosine ethyl ester at a maximum rate 
which is 13% of that observed with a-chymotrypsin. With each 
substrate, the apparent Michaelis-Menten constant is consider- 
ably smaller with the enzyme for which the substrate is usually 
considered to be specific. Measurements with these two sub- 
strates and two enzymes at 15°, 25°, and 35° are utilized to 
evaluate apparent thermodynamic quantities. 
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The nitrosobenzene complex of hemoglobin is a violet pigment 
which is associated with nitrobenzene poisoning. Filehne (1) re- 
ported in 1878 that “nitrobenzol’’ (nitrobenzene) exerts its toxic 
effect by making blood unable to transport oxygen. This took 
place because nitrobenzene apparently underwent a reduction to 
form a hemoglobin complex with a characteristic spectroscopic 
absorption which did not correspond to any of the ordinary he- 
moglobin products. The violet pigment was also observed by 
Loeb et al. (2) in 1921 while investigating nitrobenzene poisoning. 
These workers reported that the violet hemoglobin compound 
had a markedly diminished oxygen capacity. 

Jung (3) and Keilin and Hartree (4) reported on the reaction of 
hemoglobin with nitrosobenzene: they showed that a well char- 
acterized violet compound was formed with hemoglobin; the same 
compound was formed from oxyhemoglobin and from carbon- 
monoxyhemoglobin with the evolution of stoichiometric amounts 
of O. and CO, respectively. The latter reaction was reversed by 
high CO pressure; the compound was quite stable, and had a 
broad absorption band like that of reduced hemoglobin but with 
two weak maxima at approximately 567 and 543 mu. No quan- 
titative measurements of apparent equilibrium constants were 
reported. 

During the course of investigations on heavy metal binding 
sites (predominantly mercapto groups) of hemoglobin and on the 
nature of the mercapto-mercapto interactions (5) it became nec- 
essary to study the influence the presence of a large ligand bound 
to heme groups might have on the titratability of the mercapto 
groups as well as on the SH—SH interaction constants. Nitro- 
sobenzene was chosen for the study mainly because of its size, a 
property common to a number of the well known sulfhydryl re- 
agents, such as p-chloromercuribenzoate and phenylmercuric 
nitrate. Furthermore, nitrosobenzene was adequate for the 
purpose because it is a large molecule with affinity for the heme 
groups sufficiently strong to form the complex from oxyhemo- 
globin. As already stated, its combining constant with hemo- 
globin was not known. The main object of the study has been 
to determine the combining constant of human hemoglobin for 
nitrosobenzene at 0°, 25°, and 38° for pH 6.6, 7.0, and 9.0, re- 
spectively. 

Results of this investigation indicate that the hemoglobin 
binds nitrosobenzene about 6 to 10 times more strongly than 
oxygen. Most of the data presented concern the binding of 


1It was shown by Riggs (6) that the heme-heme interaction 
vanished when SH groups were blocked by p-chloromercuribenzo- 
ate. 


nitrosobenzene by oxyhemoglobin. The heme-heme interaction 
(Hill’s constants, n; and m2) is evaluated for the nitrosobenzene- 
hemoglobin complex formation. Data on nitrosotoluene (2- 
methyl nitrosobenzene) binding by the human hemoglobin are 
also presented; these indicate that the methyl group ortho to the 
binding site introduces an energy barrier of about 1.2 kilocalories 
mole~! greater for the 2-methyl derivative than for nitrosoben- 
zene, presumably because of steric hindrance. 


EXPERIMENTAL 


The human hemoglobin solution was prepared as previously 
described (5); the solution was dialyzed against a large volume of 
deionized water and then the last traces of electrolyte were re- 
moved by electrodialysis. 

Nitrosobenzene and o-nitrosotoluene (2-methyl nitrosoben- 
zene) were purchased from K & K Laboratories, Inc., Jamaica, 
New York. The standard solution was prepared fresh by dis- 
solving the crystals with a minimal amount of ethanol and then 
made up to volume with a buffer in a 100-ml graduated mixing 
cylinder. The concentration of the ligand was 5 X 10-*m. The 
pH of the buffer was determined at the temperature designated 
for the experiment. From pH 7.0 to 9.0, 0.1 m tris(hydroxy- 
methyl)aminomethane (Tris) buffer was used. For the pH range 
below 7.0, 0.1 m phosphate buffer was used. 

A set of data for a typical experiment of nitrosobenzene and 
o-nitrosotoluene binding by oxyhemoglobin were obtained as 
follows. Into each of twelve 10.0-ml volumetric flasks in each 
set of experiments was added 1.0 ml of oxyhemoglobin solution 
(whose concentration was adjusted to about 65 umoles of Fe per 
ml). No ligand was added to Flask 0. Into the other 10 flasks 
the ligand (5 X 10-* m) was added from a microburette in geo- 
metric progression, 7.e. into Flask 1, 10 wl, Flask 2, 20 ul, Flask 3, 
40 ul, and so forth, so that the flasks contained 0.05, 0.10, 0.20, 
0.40, ... wmoles of the ligand in ascending order. Then the 
flasks were filled to the mark with buffer which had been main- 
tained at the temperature of the experiment. In the meantime 
another set of 10.0-ml volumetric flasks was prepared for the re- 
agent blanks in order to subtract absorbancies due to the ligand; 
into these flasks, no hemoglobin, only ligand, was added. The 
contents of the corresponding flask were used to fill the absorption 
cell for the blank. Three milliliters of solution were pipetted into 
a l-cm absorption cell of a model 14 Cary automatic recording 
spectrophotometer. The compartment for the absorption cell 
was maintained at the temperature of the experiment. The ab- 
sorption spectra were recorded between the wave lengths of 450 
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ABSORBANCY 


Fic. 1. This is a typical set of spectrophotometric recordings 
for determining the affinity constant of oxyhemoglobin for nitroso- 
benzene. Ordinates, absorbancy (or optical density); abscissae, 
wave length 440 to 640 my; the concentration of hemoglobin is 
0.576 wm. The oxyhemoglobin curve is the double peaked one 


to 700 mu. The successive absorption spectra were carefully 
superimposed. From recorded absorption spectra similar to 
those shown in Fig. 1, the degree of saturation of hemoglobin 
with ligand was calculated as described below. 

In these calculations the symbol Hb signifies a quarter of a 
hemoglobin molecule, containing but one heme per molecular 
weight of 16,500. For the present study the molecuiar extinction 
coefficient of 11.5 & 10° at wave length of 540 mu (7) was adopted 
for Hb in the form of cyanmethemoglobin. From a set of curves 
such as in Fig. 1 the ratios of absorbancy at each isosbestic point 
to that at the wave length of maximal absorption of the complex 
was calculated for each of the spectra recorded. The percentage 
saturation (or the fractional saturation, y) was calculated from 
the ratio of absorbancies observed to the total change on satura- 
tion. Finally, the average y was taken from values obtained 
from the isosbestic points at 483 and 585 my. The amount of 
unbound ligand could be determined from the amount of total 
ligand (i.e. the amount added) minus the amount bound (calcu- 
lated from y). The heme-heme interaction (Hill’s constant n) 
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with a minimum at 560 my. The nitrosobenzene-hemoglobin com- 
plex has absorption maxima at 562 my (the major peak) and 542 
my (the minor peak); the isosbestic points are 483 and 585 my; 
the temperature of the experiment was 0°, and in 0.1 m Tris buffer 
at pH 7.4. 


was calculated from the wel] known expression 

y = Ke"/1 + Ke" (1) 
where y = the fractional saturation; ¢ = molar concentration of 
unbound ligand (@NO or o-nitrosotoluene); K = the apparent 
equilibrium constant? and n = the heme-heme interaction (Hill’s) 


constant or the sigmoid coefficient (n = 1, for no heme-heme in- 
teraction). By rearrangement 


y/(l — y) = Kew (2) 

or on taking logarithm of both sides of Equation 2: . 
log [y/(1 — y)] = n loge + log K (3) 
A plot of log [y/(1 — y)] against log c yielded a curve with an 


2 Due to the heme-heme interactions a single equilibrium con- 
stant cannot be used; accordingly, the over-all average affinity 
constant pK is used; it is defined as the negative logarithm of con- 
centration of unbound ligand when the hemoglobin is half-satu- 
rated. 
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Fig. 2. Plots of log [y/(1 — y)] against log of concentration of 
unbound ligands in moles per liter; the dashed curve (------ ) 
is for the binding of ¢NO by deoxygenated human hemoglobin. 
The others are binding curves for oxyhemoglobin; nitrosobenzene 
binding at 0°, 25°, and 38° is indicated on the curves. For com- 
parison, the o-nitrosotoluene (NT) binding curve isincluded. The 
temperature of the experiments was 0°, unless otherwise indicated; 
0.1 m Tris buffer, pH 7.4 was used. The heme-heme interaction 
(Hill’s) constant for deoxygenated hemoglobin is 0.7; the slope 
of 0° curve for oxyhemoglobin is essentially 1.0; for 25° curve, two 
constants are needed; 1.30 and 0.56 for the ‘‘toe’’ and the “‘shoul- 
der”’ sigmoid coefficients, respectively. 


| 
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initial slope, m, and a second slope, m2, for sigmoid coefficients 
for the “toe” and the “shoulder” of the binding curve, respec- 
tively (e.g. Fig. 2, 0° and 25° curves). 

Binding of nitrosobenzene by deoxygenated hemoglobin was 
determined by the use of the anaerobic spectrophotometer cell of 
Lazarow and Cooperstein (8). In order to minimize surface de- 
naturation during bubbling of pure nitrogen gas through the pro- 
tein solution, the Van Slyke-Neil (9, 10) manometric blood gas 
apparatus was used in the initial stage of deoxygenation; then the 
deoxygenated solution was transferred into the anaerobic spec- 
trophotometer cell. The successive absorption spectra were 
superimposed as already described. 

Because o-nitrosotoluene (2-methy] nitrosobenzene) readily de- 
natured the hemoglobin, the study with this compound was 
limited. Since complete saturation with o-nitrosotoluene (NT) 
was not obtained, it was assumed in the calculation that the ratios 
of absorbancies at the isosbestic points to the absorption maxima 
of the complex were the same as those obtained for nitrosoben- 
zene. 


RESULTS 
The absorption maxima are 562 and 542 my for the major and 
minor peaks, respectively (Table I). Isosbestic points are at 483 


TABLE I 


Human hemoglobin-nitrosobenzene complexes—absorption maxima 
of pure substances and isosbestic points in 
miztures with oxyhemoglobin 














: | Absorption maxima} Isosbestic points 
Ligand | (wave length, my) | (wave length, my) 
+n 
Nitrosobenzene................. 542 | 562 483 585 
o-Nitrosotoluene (2-methyl nitro- 
sobenzene) . 542 585 


562 | 483 
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TaBLeE II 


Combining power of human oryhemoglobins for nitrosobenzene 
and 2-methyl nitrosobenzene 





| 
| 


Nitrosobenzene | 2-Methy] nitrosobenzene 

















| Tem- 
globin | Rete | — a 
pK* mt ne | pK m1 ne 
pH 6.6 
Hb-A | 0 5.0 0.7 0.8 | 
25 4.1 0.5 | 0.2 | 
38 | 3.6 0.9 | 09 | 
pH 7.0 
| 0 4.8 14 1:38 3.7 1.0 | 0.7 
25 4.8 0.8 | 0.8 3.5 0.7 | 0.7 
38 4.2 1.1 1.1 3.5 os iia 
| pH 7.4 
0 4.43 1.06 |0.98 3.47. [1,1 
| +0.46] +0.10/ +0.30/ +0.23] +0.10 
25 |4.38 1.30 (0.56 
| +0.31; +0.25} +0.26| 
38 3.7 0.7 | 0.7 | 
Hb + ¢NO = gNOHb at pH 7.4 
| O| 54 | 0.7 07? 4 
pH 9.0 
0 4.2 | 1.2 1.2 | 3.4 1.5 | 0.8 
25 
38 | | | 
Sickle cell hemoglobin, pH 7.4 
Hb-S | 0 4.6 09 | 1.2 3.5 110 | 1.1 
25 | | | 
| | Homozygous C hemoglobin, pH 7.4 
Hb-C | 0] 4.7 | 08 | 1.0 | 3.6 0.9 | 0.9 
| 25 4.4 08 | 0.5 | 
| 38 | | | 








* The combining power for the ligand is expressed as pK; (see 
text, footnote 2). 


{ n is Hill’s (heme-heme interaction) constant; n; and nz (see 
text). 


and 585 my® (Table I and Fig. 1). Each of the absorption 
maxima and isosbestic points is essentially the same for normal 
as well as for sickle cell and homozygous C hemoglobins. These 
wave lengths are essentially the same either with the o-nitroso- 
toluene (NT) hemoglobin complex or with nitrosobenzene (¢NO) 
complex. 

The combining power of the normal human hemoglobin for 
nitrosobenzene is about 10 times greater than that for 2-methyl 
nitrosobenzene (Table II). The combining constant is given as 
pK, which is the negative logarithm of concentration of unbound 
ligand in the presence of half-saturated hemoglobin. It should 
be noted that if the heme-heme interaction did not exist, pK and 
Keq would be the same. 

The combining constant of deoxygenated hemoglobin for ni- 
trosobenzene is about 10 times greater than that for oxyhemo- 
globin under the same conditions (pH 7.4, 0°); this is to be ex- 
pected from mass law considerations. 

The combining constants obtained for the sickle cell and ho- 
moxygous C hemoglobins are essentially the same as those found 


* There are other apparent isosbestic points as can be seen from 
Fig. 1, e.g. 536 and 571 my; these points become diffused when the 
equilibration takes place at 38°. At the present time this obser- 
vation is taken to mean that the conformation of the molecule 
changes on heating and that the change is reflected in the absorp- 
tion spectra. 
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for normal human hemoglobin (see Table II). The heme-heme 
interaction constants are also essentially the same for all human 
hemoglobins investigated (Table II). 


DISCUSSION 


St. George and Pauling (11) who studied the combining power 
of hemoglobin for alkyl isocyanides found that, although the com- 
bining powers of ferroheme with ethyl isocyanide, isopropy! iso- 
cyanide and tertiary butyl isocyanide were essentially the same, 
hemoglobin combined far more strongly with ethyl isocyanide 
than with tert-butyl isocyanide. The former was favored by a 
factor of 200 in equilibrium constants, the isopropyl compound 
having an intermediate value. It was concluded that this large 
effect arose from steric hindrance and not from a change in the 
strength of the Fe—C bond. 

The difference in size of the alkyl group could be significant if 
the structure of the hemoglobin molecule required a dilation on 
combination with the ligand, such as would be the case if the 
heme groups were imbedded within the protein molecule so that 
the bound isocyanide molecules had to displace parts of the pro- 
tein molecule. 

The results presented in this report do not disagree with the 
notion of steric hindrance; in fact the methyl group ortho to the 
binding site appears to increase the energy barrier due to steric 
hindrance by about 1.2 kilocalories mole —! (about 4.8 kilocalories 
mole ~— for the whole molecule with 4 heme groups) at 0°, pH 7.4 
in Tris buffer (see Fig. 2). If the binding site is located on the 
surface of hemoglobin molecule, it is reasonable to expect the 
affinity for nitrosobenzene and o-nitrosotoluene (NT) to be 
essentially the same (a slight increase in affinity for 2-methyl 
derivative could be expected owing to hyperconjugation). 

It is interesting to note that 2-methyl nitrosobenzene seems 
to bind hemoglobin less strongly by a factor of 10 than nitroso- 
benzene, which suggests that heme groups might be buried be- 
low the surface of the molecule. In this connection there may 
be cited the experiment of Davidson and Gold (12) which is 
consistent with the steric hindrance theory. These workers 
studied the relaxation time of water protons in ferrihemoglobin 
solution; they concluded that the Fe atoms were about 5 to 10 
A below the surface of hemoglobin molecule. 

The effect of temperature on @NO binding by oxygenated 
hemoglobin is shown in Fig. 2. It is seen that the increase of 
temperature diminishes the binding power; this is similar to the 
observation made by Brown and Hill (18) in the process of oxy- 
genation. On the other hand, increase of hydrogen ion concen- 
tration increases the affinity for the ligand. It appears that the 
nitrosobenzene-linked acid groups in hemoglobin are different 
from O--linked groups. 

The binding power of deoxygenated hemoglobin for nitroso- 
benzene is about 10 times greater than that for oxyhemoglobin, 
as might be expected from mass law considerations (Fig. 2). 
The apparent enthalpy, AH of binding of ¢NO by deoxygenated 
hemoglobin may be obtained as follows. From the plot of 4.476 
log K against 1/7, AH for oxyhemoglobin binding of @NO is 
dependent on temperature, and the slope gives AH directly (14). 
By means of the derived value for oxygenation at pH 7.4 of 
—9.4 kilocalories mole ~! the enthalpy of nitrosobenzene binding 
by deoxygenated hemoglobin is calculated as follows: 


Hb + O2 = HbO: AH = —9.4 kilocalories 


HbO2 + @NO = ¢NOHb + Or AH = —14.5 kilocalories 
Hb + NO = @¢NOHb AH = —23.9 kilocalories 





M. Murayama 


1027 


From the equation AF = —RT In K, it follows that AF amounts 
to about —5.9 kilocalories mole“. The entropy change in this 
reaction is in the same direction as in the process of oxygenation; 
i.e. the molecule tends toward more order. 

The heme-heme interaction constants, n; and ne, are the sig- 
moid coefficients for the “toe” and the “shoulder,” respectively, 
of the binding curve. From Fig. 2 it can be seen that there is a 
similarity between these slopes and the mercapto-mercapto inter- 
action constants in reference (5). However, there is a difference 
with respect to the oxygen dissociation curve; for instance, 
Roughton et al. (15) have presented a plot of log [y/(1 — y)] 
against log p giving a sigmoid rather than linear curve. This 
was first noted by Adair (16) and later by many investigators.‘ 

Preliminary studies indicate that the nitrosobenzene ‘“‘wedge”’ 
appears to decrease the energy barrier due to steric hindrance 
with respect to mercapto groups and their ligands (19); the 
wedge also appears to influence the mercapto-mercapto inter- 
action constants (19). Cullis and Perutz® studied the crystals 
of horse hemoglobin-nitrosobenzene complex by x-ray diffraction. 
Nitrosobenzene-hemoglobin complex was first prepared, then 
HgCl. was added to the complex while in solution and finally it 
was allowed to crystallize. It was found that ¢NO acted to 
“open up” the Hg binding sites of the molecule and that heat 
was equally effective. It may be concluded that nitrosobenzene 
is a useful probe in the study of structure and function of heme 
protein. Accordingly, additional work is in progress to reveal 
details of its effect on the conformation of the mercapto groups 
and on the mercapto-mercapto interaction constants. 


SUMMARY 


1. The combining constant of deoxygenated human hemo- 
globin for nitrosobenzene has been determined at 0°, pH 7.4 in 
0.1 m tris(hydroxymethyl)aminomethane buffer; pK (the nega- 
tive logarithm of concentration of unbound ligand in the presence 
of half-saturated hemoglobin) is 5.5. __ 

2. Increase of temperature lowers pK for nitrosobenzene re- 
acting with human oxyhemoglobin; at pH 7.4 it is 4.42, 4.39, 
and 3.70 at 0°, 25°, and 38°, respectively. 

3. The combining power of human oxyhemoglobin for nitroso- 
benzene increases with hydrogen ion concentration; at pH 6.6, 
pK amounts to about 5.0 at 0°, in contrast pK is 4.2 at pH 9.0 
at the same temperature. 

4. For 2-methy] nitrosobenzene binding to oxyhemoglobin pK 
is 3.47 at pH 7.4, at 0°. 

5. The presence of a methyl group ortho to the binding site 
seems to increase the energy barrier, presumably arising from 
steric hindrance, by about 1.2 kilocalories mole; the affinity of 
2-methyl nitrosobenzene is about one-tenth as much as that of 
nitrosobenzene. 

6. The data presented support the steric hindrance theory 
which postulates that the heme groups are buried below the 
surface of hemoglobin molecule. 
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Modification of the Amino Groups of the Peptide Component 
of Subtilisin-modified Ribonuclease*} 
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From the Department of Biochemistry, Yale University, New Haven, Connecticut 
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The peptide obtained from subtilisin-modified ribonuclease 
comprises the 20 NH;-terminal residues of the native ribo- 
nuclease molecule (1). The very strong and specific interaction 
between this peptide and the protein component of the subtilisin- 
modified ribonuclease provides an example of the cumulative 
effect of the individually weak forces presumably responsible for 
the secondary and tertiary structure of proteins. The com- 
bination of the two components, separately inactive, results in 
the appearance of ribonuclease activity. It is of interest to de- 
fine the structural features responsible for this interaction, and, 
in particular, those affecting enzymic activity. 

The sequence of S-Peptide! is known from the work of Hirs 
et al. on RNase-A (2): 


H-Lys-Glu-Thr-Ala-Ala-Ala-Lys-Phe-Glu-Arg-Ser 
vd @€ 8 & Y | Ver 


Thr-Ser-Ser-Asp(N Hz)-His-Met-Glu-Ala-Ala-OH 
12 13 14 15 16 17 «16 1 DD 


Many classes of functional groups are present in this compound. 
The purpose of the current studies is to define the contribution 
of each functional group to the binding of the peptide to the 
protein and to the appearance of enzymic activity. This paper 
reports an investigation of the three primary amino groups, 
located on Residues 1 and 7. Acetic anhydride, O-methyliso- 
urea, and nitrous acid have been used as reagents for the modi- 
fication of these amino groups. 


* Aided by grants from the United States Public Health Service 
and from the National Science Foundation. 

+ A preliminary account of this work was presented at the Gat- 
linburg Conference of the Biology Division of the Oak Ridge Na- 
tional Laboratory, April 1959, and before the Division of Biological 
Chemistry at the 136th Meeting of the American Chemical So- 
ciety, Atlantic City, New Jersey, September 1959. 

1 The abbreviations used are: RNase-A, the principal chromato- 
graphic component of bovine pancreatic ribonuclease; RNase-S, 
subtilisin-modified ribonuclease ; S-Peptide, the 20-residue peptide 
component obtained from RNase-S; S-Protein, the protein com- 
ponent obtained from RNase-S; RNase-S’, the reconstituted en- 
zyme obtained by mixing equimolar amounts of S-Peptide and 
S-Protein; Triacetyl-S-Peptide, la, 1e,7e-triacetamido-S-Peptide; 
Guan-S-Peptide, the mixture of peptide products obtained by 
treatment of S-Peptide with O-methylisourea; Diguan-S-Peptide, 
le,7e- diguanidino -S - Peptide; Triguan-S-Peptide, fa, /e,7e - tri- 
guanidino-S- Peptide; Deam-S-Peptide, !a-hydroxy -S - Peptide. 
In this system of nomenclature the numbers in italics refer to the 
residue position starting with residue J at the NH»-terminal end 
of the chain. The Greek letters refer to positions on the carbon 
chain of an individual residue as is commonly done for amino acids. 
Only alterations in the structure of the parent substance (S-Pep- 
tide in this case) are listed. 


EXPERIMENTAL AND RESULTS 


The preparation of RNase-A, RNase-S, S-Protein, and S- 
Peptide and the activity assay procedures with both ribonucleic 
acid and uridine 2’,3’-phosphate as substrates have been de- 
scribed (1). Amino acid analyses were carried out as described 
by Spackman et al. (3). The peptide samples were hydrolyzed 
in constant boiling hydrochloric acid in sealed, evacuated am- 
pules at 110° for 20 to 24 hours. 

Acetylation Procedure—Acetic anhydride was used as the 
acetylating agent. The reactions were carried out with the 
reagent suspended by vigorous stirring in an aqueous solution 
of the protein or peptide at 2-3° in a pH-stat (Radiometer Inc., 
model TTTla). The pH was maintained at the desired value 
by the addition of either 1 N aqueous NaOH or 1 n triethylamine 
in 30% aqueous ethanol. Hydrolysis of acetic anhydride oc- 
curs very rapidly at alkaline pH values and most previous in- 
vestigators have employed dropwise addition of the reagent to 
the amine in strong sodium acetate solution (4). At pH 6, 
under the conditions used in this study, the half-time for the 
disappearance of the reagent by aqueous hydrolysis was about 
15 minutes. Although the rate of hydrolysis is slower at lower 
pH values the rate of acetylation of amino groups is also slower 
and no advantage is gained. Under any conditions so far tried 
the extent of hydrolysis is so large that a great excess of the 
anhydride must be used and it is not practical to attempt to 
equate disappearance of reagent with acetamido groups pro- 
duced (see, however, (5)). 

In a preliminary trial with RNase-A, 2.8 mg of the protein 
dissolved in 2 ml of 0.1 m acetic acid were adjusted to and main- 
tained at pH 6. A single addition was made of 10 ul of acetic 
anhydride (500-fold molar excess). The half time for the loss 
of enzymic activity was 6 minutes. After 45 minutes the ac- 
tivity was barely detectable (<2%). The same reaction at pH 
4.7 gave a half-time for activity loss of 70 minutes. No direct 
measure of the acetyl groups introduced was made on this ma- 
terial. 

In all the experiments on S-Peptide triethylamine was used as 
the neutralizing base in order that the volatile salt might be 
removed before electrophoresis of the peptide products. In a 
typical experiment for the preparation of a fully acetylated 
product 4.1 mg of S-Peptide was dissolved in 2 ml of 0.1 N acetic 
acid adjusted to pH 6 at 2°. Thirty microliters of acetic an- 
hydride (170-fold molar excess) were then added in three portions 
of 10 wl each at intervals of about 1 hour. Enzyme activity 
measurements on aliquots of such a reaction mixture in the 
presence of excess S-Protein never gave values of less than 30 to 
40% of that shown by an equal weight of the untreated peptide. 
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Fig. 1. Ionograms of peptides at pH 6 in pyridine acetate buffer 
for 6 to 7 hours at a gradient of 20 volts per cm, Whatman No. 1 
paper, total load 60 to 80 ug. a, S-Peptide untreated. b, S-Pep- 
tide after reaction with acetic anhydride for 2 hours at 2°, pH 5.0, 
initial mole ratio of anhydride to peptide 1160:1. c, Same as b, 
except pH 6.0, mole ratio 25:1. d, Same as c, except mole ratio 
170:1. e, Same as c, except mole ratio 1160:1. f, Rerun of eluate 
of shaded spot from preparative runs similar to d. 


The reaction mixture was lyophilized and the peptide products 
separated by electrophoresis. 

Paper Electrophoresis of Peptide Mixtures—Separations were 
carried out on Whatman No. 1 paper in pyridine acetate buffer 
pH 6 with a gradient of about 20 volts per cm. An apparatus 
similar to that described by Markham and Smith was used (6). 
After drying, the ionograms were sprayed with the bromphenol 
blue-mercuric chloride reagent frequently used for proteins (7). 
The color obtained with this spray was relatively unaffected by 
the extent of acetylation of the peptide, in marked contrast to 
the results with a ninhydrin spray. 

Some ionograms of the products obtained under various 
acetylation conditions are shown in Fig. 1. The acetylation of 
each amino group would be expected to reduce the positive charge 
of the peptide at pH 6 by 1 unit. Under no conditions was 
material obtained which moved more rapidly towards the anode 
than that seen at the right side of Fig. 1. It was assumed that 
this represented fully acetylated material. Preparative runs 
were made of samples giving patterns similar to Fig. 1, d. Ma- 
terial in the position shown by the shaded spot was eluted with 
water and the solution lyophilized. The product obtained from 
a starting weight of 12 mg of S-Peptide was dissolved in 0.05 ml 
of H,O and precipitated with 1 ml of absolute ethanol. After 
centrifugation, the supernatant fluid was discarded and the 
solution and precipitation steps were repeated. The dried pre- 
cipitate, 8 to 9 mg, was designated Triacetyl-S-Peptide. An 
ionogram of a small sample of this material is shown in Fig. 1, f. 
No deacetylation or contamination could be detected. 

Estimation of Acetyl Growps—Because of the very limited 
amounts of material available, the standard methods for estima- 
tion of acetyl groups involving steam distillation (see, for ex- 
ample, (8, 9)) did not appear promising and the following modi- 
fication was introduced. The apparatus is shown in Fig.2. The 
reagents used were: (a) p-toluene sulfonic acid (Matheson, Cole- 
man and Bell 2736), 12.5 g dissolved in 50 ml of water. The 
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solution was placed in a vented container in an oven at 90° for 
3 hours, cooled, filtered, degassed under reduced pressure (2 mm 
Hg, 3 hours) and made up to 50 ml with water. (6) Standard 
sodium hydroxide 0.0048 n in carbonate free water. (c) Phenol- 
phthalein indicator 0.1% in 95% ethanol. (d) Standard acetic 
acid 0.040 n. (e) Acetyl-L-phenylalanine (m.p. 172-173°, lit- 
erature 172° (10)) 1.00 mg per ml in 0.1 n NaOH, equivalent 
to 4.83 uwmoles per ml. (f) Triacetyl-S-Peptide 10 mg per ml, 
equivalent to 4.35 wmoles per ml, assuming a molecular weight of 
2300. 

The sample plus 0.500 ml of the p-toluene sulfonic acid solu- 
tion was placed in arm (A) Fig. 2. The solution was cooled to 
dry ice temperature and the apparatus rapidly evacuated to a 
pressure of less than 0.5 mm Hg. The stopcock (£) was closed 
and arm (A) warmed to room temperature. Arm (B) was then 
slowly cooled and maintained at Dry-Ice temperature until all 
the liquid from (A) had distilled into (B) leaving a white solid 
residue of p-toluene sulfonic acid (about 2 hours). Slow cooling 
of (B) was necessary to prevent splashing of the solution in (A) 
due to initially rapid distillation. Air was then admitted care- 
fully through stopcock (£) and (B) was brought to room tem- 
perature. Five microliters of phenolphthalein indicator were 
added to (B) through (C) and the solution was titrated with the 
standard sodium hydroxide solution with an “Agla syringe” 
microburette and magnetic stirring. The titrated distillate was 
then removed with a pipette. Water, 0.50 ml, was added to 
(A) through (D) and the distillation procedure repeated. Only 
a trace of additional acid was obtained in the third distillation. 
No hydrolysis of acetamido groups was detected under these 
conditions up to this point. 

After the third distillation, 0.50 ml of water was again added 
to (A). The solution was frozen and the apparatus evacuated 
as before. The entire apparatus was now placed in a water 
bath at 100° for 3 hours. After cooling, the multiple distillation 
procedure was repeated as before to determine the acetic acid 
released by the hydrolysis. The 3-hour heating period was 
sufficient to obtain a maximum yield of acetic acid from acetyl- 
L-phenylalanine. 

The results of experiments using this procedure are shown in 
Table I. The recoveries of volatile acid from the standard 
solutions employed varied between 91 and 96%. The sample 
amounts, 0.5 to 1.0 umole, represent the lower limit for which 
this method is useful. The volatile acid obtained before 
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Fig. 2. Apparatus used for estimation of acetyl groups 
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hydrolysis of Triacetyl-S-Peptide presumably represents con- 
tamination with a small amount of salt not removed by the 
lyophilization and precipitation procedures. The acetic acid 
obtained after hydrolysis is equivalent to 95% of the value cal- 
culated for 3 acetyl groups per mole of peptide. This result 
agrees well with the recoveries obtained on the standard solu- 
tions and with the electrophoretic evidence indicating complete 
acetylation of the three amino groups. 

Preparation of Guanidinated Derwatives—The general proce- 
dure for guanidination was the same as that described by Klee 
and Richards (11). Ina typical preparation 30 mg of S-Peptide 
were added to 15 ml of a solution containing 0.6 g of O-methyliso- 
urea hydrochloride adjusted to pH 10.0 with 2N NaOH. The 
solution was cooled to 3° before addition of the peptide and the 
reaction was allowed to proceed at this temperature for 100 
hours. Absolute ethanol, 160 ml, precooled to 0° was then 
added to the solution and the mixture cooled to —40° for 1 
hour. The precipitate was rapidly removed by centrifugation, 
dissolved in 2 ml of water, and reprecipitated with 40 ml of 
absolute ethanol. The dissolution and precipitation were re- 
peated once more. The final precipitate was dried, weighed (18 
mg), and designated Guan-S-Peptide. The amino acid analysis 
of this material is given in Table II, column 3. When the 
guanidination reaction was carried out for only 20 hours under 
the above conditions 10% of the original lysine was still present 
in the hydrolysate. When assayed in the presence of excess 
8-Protein, the reaction mixture after 100 hours showed 85% of 
the activity towards RNA of an equivalent amount of the peptide 
at zero time. Electrophoresis of Guan-S-Peptide on paper at 
pH 6 showed a principal spot with a mobility identical to un- 
modified S-Peptide and a second much fainter spot with lower 
mobility (Fig. 3, a). Certain samples of S-Peptide have also 
given a similar pattern. In the latter case the slower moving 
spot had no enzymic activity, but an acid hydrolysate showed 
the same composition with respect to amino acids as the faster 
moving, enzymically active spot. It has been tentatively as- 
sumed that the mobility change and altered activity are the 
result of the hydrolysis of the amide group of the asparagine 
residue in position 15 of S-Peptide. The slow moving material 
in the Guan-S-Peptide preparation is also assumed to be a de- 
amidation product, to be inactive and to account for the some- 
what lowered activity of the total mixture. With the extended 
time of reaction under alkaline conditions, such deamidation is 
not unreasonable. 

A second sample of the guanidinated peptide, prepared under 
identical conditions, showed 100% activity and no visible 
amounts of material migrating, at pH 6, at a position different 
from unmodified S-Peptide (Fig. 3, b). The reason for the lack 
of any significant deamidation in this case is not known. From 
this electrophoretic pattern and the amino acid analysis of the 
first sample, it was concluded initially that this second prepara- 
tion was a homogeneous derivative of the native peptide in 
which the epsilon amino groups of the two lysine residues in 
positions 1 and 7 had been converted to guanidino groups. A 
number of experiments were performed with this material, some 
of which are discussed in later sections. 

The first indication that this second preparation of Guan-S- 
Peptide was also a mixture came as the result of attempts to 
acetylate the remaining a-amino group. The reaction with 
acetic anhydride was carried out exactly as described above. 
Experience with S-Peptide indicated that the a-amino group 
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TABLE I 
Estimation of acetyl groups 





| Volatile 
| Volume of 0.0048 n NaOH | monobasic acid, 
| 


for titration corrected for 























lan 
Sample* peng 
No. | Distillation No. 
| Totall.verage | lated. 
1 2 3 
pl pl ul | wmoles | wmoles 
Water 1 6.2) 2.3],. 1.5) 9.0 
£. 5.0} 1.6 6.6 
a 5.0| 1.8 6.8] 0.036 
Acetic acid 4 142 | 26 8 176 
5 120 | 32 4 156 
6 136 | 30 6 172 
7 140 18 5 163) 0.766) 0.800 
Acetyl-L-phenylala- 8 | 150 | 40 7 | 197 
nine 9 148 | 33 6 187 
10 144 39 7 190} 0.882) 0.966 








Before heating 











Acetic acid + Acetyl- | 11 130 | 32 162 
L-phenylalanine 12 | 135 | 21 157; 0.734| 0.800 
After heating 
| lla | 145 | 42 8 | 195 
| 12a | 153 | 38 | 6 | 197| 0.905! 0.966 








Before heating 




















| 
Triacetyl-S-Peptide | 13 62 | 19 81 
114 | 56 | 21 77| 0.380 
| After heating 
| 13a | 196 | 58 8 | 262 
| l4a | 205 | 36 | 12 | 253) 1.24 | 1.30f 








* Samples for each experiment: 4, 5, 6, and 7 = 0.020 ml of 
0.040 Nn acetic acid; 8, 9, and 10 = 0.200 ml of acetyl-L-phenylal- 
anine solution 1.00 mg/ml; 11 and 12 = 0.020 ml of 0.040 n acetic 
acid + 0.200 ml of acetyl-L-phenylalanine solution 1.00 mg/ml; 
13 and 14 = 0.100 ml of Triacetyl-S-Peptide solution 10.0 mg/ml. 

+ Calculated on the basis of 3 acetyl groups per mole of pep- 
tide of mol. wt. 2300. 


should be completely acetylated. The reaction product showed 
100% activity. On electrophoresis at pH 6.0, the principal spot 
moved more slowly than the unacetylated material as expected 
(Fig. 3, b). However, there was a small, residual, fast moving 
spot that remained even after exhaustive acetylation. It could 
only be concluded that the a-amino group was not present in 
this latter material and that the positive charge was maintained. 
Guanidination of the a-amino group was thus strongly indicated. 
Electrophoresis of Guan-S-Peptide at pH 9 and 11 confirmed the 
presence of a small amount of presumably triguanidinated ma- 
terial (Fig. 3,c and d). A preparative run at pH 9, which gave 
a pattern similar to Fig. 3, c2, supplied enough material for 
analysis for the basic amino acids (Table II, columns 4 and 5). 
The analysis of the peptide mixture before separation on paper 
showed very little lysine (Table II, column 3). The appearance 
of some “‘lysine’’ in the hydrolysates of eluates from the ionogram 
(Table II, columns 4 and 5) must be due to material, other than 
the peptides, eluted from the paper (Table II, column 6) and 
may or may not actually be lysine. After this blank correction 
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TaBLeE II 
Amino acid analysis of peptide derivatives 
| Residues per mole ae 
Amino acid 
S-Peptide Guan-S-Peptide | Diguan-S-Peptide* | Triguan-S-Peptide* Paper blank* |Deam-S-Peptide 
Lysine | 2.0 0.02 (0.019)f (0.029) tf (0.019) tf | 
Histidine | 1.0 1.1 | 3.1 1.0 (0.008) + ee: —— 
Arginine |} 1.0 1.1 1.0 1.0 (trace) t 1.1 
Homoarginine 2.1 | 1.9 1.0 
Aspartic acid 1.0 1.0 1.0 
Threonine{ 1.9 1.8 1.8 
Serinet 2.7 2.6 2.6 
Glutamic acid 3.0 2.9 3.0 
Alanine 5.0 4.9 4.8 
Methionine | 1.0 0.9 | | 0.9 
Phenylalanine | 1.0 1.0 0.9§ 1.0§ (trace) § | | 
Sample amount per column umoles........ | 0.8 0.18 0.16 0.06 | | 0.12 
* Analysis of hydrolysates of eluates from ionogram. Paper blank was cut from the same sheet and was the same size as those for 
the two samples. The eluate was carried through the same hydrolysis procedure used for the samples. 
+ Actual measured values in micromoles assuming peaks observed represent the amino acids indicated. 
t Values not corrected for losses on hydrolysis. 
§ Estimated from the chromatogram obtained on 15-cem column. The values are approximate (+0.3 residues per mole) since the 
base line was uncertain due to some interfering substances eluted from the paper. 
both peptide derivatives appear to be essentially free of lysine. activity. The total reaction product is called Guan-S-Peptide 
The results clearly indicate that the principal component present as stated above. The materials separated electrophoretically at ae 
in Guan-S-Peptide (Fig. 3, c2 shaded spot) is the /¢€,7e-diguani- pH 9 are referred to as Triguan-S-Peptide and Diguan-S-Peptide - 
dinated peptide yielding 2 moles of homoarginine per mole of (see Fig. 3). pl 
peptide on hydrolysis. The minor component (representing The effect of guanidination on the activity of RNase-A, RNase- 
about 15 to 20% of the total sample (Fig. 3, c2 dashed line spot)) 8, S-Protein and S-Peptide is shown in Table III. No measure- ane 
shows only 1 mole of homoarginine. The other expected product, ments of the extent of reaction were made on the protein samples. teil 
a, ¢-diguanidinocaproic acid would show no ninhydrin color and Preparation of Deaminated Derivative—Five milligrams of §- un 
was not observed on the chromatogram. Insufficient material Peptide were dissolved in 0.8 ml of 0.5 m acetate buffer, pH 4.0, : 
was available to attempt quantitative Sakaguchi analyses. Both and cooled to 0° in an ice bath. Then 0.5 ml of 1.0 m NaNO, Ali 
peptide derivatives as isolated from the ionogram showed 100% was added and the mixture maintained at 0°. Aliquots were 
withdrawn at various time intervals and added to a previously 
calculated quantity of ammonium hydroxide sufficient to raise res 
ea | : the pH to 8 and thus stop the reaction. The resulting peptide an 
ils rh 2 - mixtures were separated electrophoretically as shown in Fig. 4. | 
| ria | After 1 hour there was no evidence of any unchanged peptide L-| 
—_* | ‘ and the major portion of the material appeared as a single spot we 
b moving towards the cathode with about one-half the mobility of tic 
“+ © | ; 2 the untreated peptide. This change in mobility is about what ly 
would be expected for the loss of one positive charge (see Fig. re 
ee ; 3, 62). Since a-amino groups are known to react with nitrous 80 
3 | Wu P , acid much more rapidly than those in the e€ position (12), the a- 
! ! cy L presumption was that this principal product was a peptide lo 
TRIGUAN - S- PEPTIDE | ey ' derivative with a hydroxyl group in place of the a-amino group. ar 
diaitid a: toe d A preparative run was made of the 60-minute reaction mixture. su 
' , [2 .-) ' 2 The material obtained from the eluate of a spot similar to the m 
15 i0 5 0 5 io. ~—sSShhaded_ one shown in Fig. 4, 6 was designated Deam-S-Peptide. bs 
Co -{— DISTANCE - CM ——> 7%) The amino acid analysis of this sample is given in Table II, ti 
i ' . q , column 7. The composition is identical with that of the native Ce 
Fic. 3. Ionograms of peptides after reaction with O-methyliso- : ” ee c an a sa ke ox 
urea, Whatman No. 1 paper, 20 volts per cm, load about 100 yg. peptide exc ept for lysine where only a single residue was found. 
a, Pyridine acetate buffer pH 6.0, 4.5 hours: 1, S-Peptide un- No unidentified peaks were observed. Deamination of lysine 
treated; 2, Guan-S-Peptide Ist preparation. b, Same conditions in the € position should produce a-amino-e-hydroxycaproic acid. al 
as a: 1, Guan-S-Peptide 2nd preparation; 2, same sample after Shields et al. (13) have shown that this substance appears as a b 
Se Cae Seeds ea ie Gare ckyTinhydrin-postive peak emerging just before glycine in the JS 
buffer, 0.05 m, pH 11.0, 2 hours: 1, S-Peptide untreated; 2, Guan- Chromatographic procedure used. As expected, no such peak St 
S-Peptide 2nd preparation. was observed in the analysis of Deam-S-Peptide. The missing n 
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Taste III 
Change in activity on guanidination* 
Activity as percentage of initialt 
Time RNase-A | — RNase-S S-Protein | S-Peptide 
Temperature of reaction 25° 
hrs ai 
0 100 100 100 100 
0.25 80 80 100 
0.50 55 50 60t 100 
1 45 40t 40 95 
2 25 20 10 90 
4 15 10 90 
6 
Temperature of reaction 2° 
0 10 =| 100 §©=©| 100 100 
0.5 80 80 | 85 100 
1 70 70 70 100 
2 65 67 65 100 
4 60 62 56 100 
7 50 53 45 100 
20 40 43 38 95 
30 30 28 20 93 
40 25 22 | 18 90 
| 











* Reaction conditions: sample 2.2 to 3.0 mg, O-methylisourea 
hydrochloride 92 mg in total volume of 1 ml pH 10.0, temperature 
and time as indicated. 

+ Activity towards RNA, aliquots of about 10 ug of RNase-A 
and RNase-S assayed directly. Aliquots of about 8 ug of S-Pro- 
tein or 2 wg of S-Peptide assayed in presence of small excess of 
untreated S-Peptide or S-Protein respectively. 

t A precipitate appeared in the reaction mixture at this time. 
Aliquot of suspension taken for subsequent assays. 


residue of lysine should have been converted to a-hydroxy-e- 
aminocaproic acid. 

A solution of 1 g of ¢-carbobenzoxy-L-lysine (prepared from 
L-lysine hydrochloride (14)) in 50 ml of 0.2 n hydrochloric acid 
was cooled to 0° in an ice bath. The gas from an acidified solu- 
tion of sodium nitrite was passed through the solution of the 
lysine derivative for half an hour. The water was removed under 
reduced pressure and the dry residue extracted with 20 ml of ab- 
solute ethanol. Evaporation of the ethanol yielded 0.7 g of crude 
a-hydroxy-e-carbobenzoxyaminocaproic acid as a viscous yel- 
low oil. This product was dissolved in 25 ml of 95% ethanol 
and subjected to catalytic hydrogenation at atmospheric pres- 
sure in the presence of palladium black. The catalyst was re- 
moved by filtration. Evaporation of the filtrate on a steam 
bath yielded 0.4 g of a white solid which was recrystallized three 
times from 50% ethanol. The purified pi-a-hydroxy-e-amino- 
caproic acid melted (with decomposition) at 210-215° (literature 
205-210° (15) and 220-225° (16)). 

One micromole of the synthetic sample of pL-a-hydroxy-e- 
aminocaproic acid on the 15-cm column used for analysis of the 
basic amino acids emerged as a single peak slightly behind the 
solvent front but ahead of the position of the unresolved tyro- 
sine-phenylalanine peak. However, on the 150-cm column, this 
material had not appeared even well after the tyrosine and 
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phenylalanine peaks. The chromatographic behavior of these 
caproic acid derivatives has not been fully established. 

Since the caproic acid derivative in the peptide has not been 
positively identified during the analysis, the structure of Deam- 
S-Peptide must be considered tentative. The data presented 
are entirely compatible with the assumption of an a-hydroxy 
group in place of the a-amino group as the only difference in 
structure between this derivative and the untreated S-Peptide. 

Measurements of Ribonuclease Activity—The enzymic activities 
of mixtures of varying amounts of Triacetyl-S-Peptide and a 
fixed amount of S-Protein were measured with both RNA and 
uridine 2’,3’-phosphate as substrates. Activity was expressed 
as the fraction of that observed with the same amount of S-Pro- 
tein and a slight excess of S-Peptide itself. The results are shown 
in Fig. 5. With RNA the activity is never higher than about 
35 to 40% of that observed with S-Peptide, but the curve does 
show a sharp break at a mole ratio of about 1.0. With the cyclic 
phosphate substrate no such sharp break occurs and the activity 
at high mole ratios approaches that shown by the unmodified 
peptide. The data of a similar experiment with Diguan-S-Pep- 
tide are also shown in Fig. 5. In this case there is no difference 
between the results for the two substrates. The behavior of this 
derivative (and also Deam-S-Peptide for which the data are not 
shown) is indistinguishable from that of the untreated peptide. 

The activity of some enzyme preparations towards RNA was 
examined as a function of pH. A salt solution was prepared 
with the composition: sodium chloride 0.1 Mm, disodium citrate 
0.002 m, disodium phosphate 0.002 m, tris(hydroxymethyl)ami- 
nomethane 0.002 m, sodium borate 0.002 m. The nucleic acid 
substrate was dissolved in this solution to give a concentration 
of about 6 g per liter. Portions were adjusted to the desired 
pH with 1 n HCl or 1 n NaOH. From this point the assays 
were carried out as usual by measuring the formation of acid 
soluble nucleotides. Each assay was made with 4 pg of RNase-A, 
RNase-S or an equivalent molar amount of S-Protein (3.35 ug) 
per ml of substrate solution. The peptide samples were added 
to the S-Protein solutions in a mole ratio of 1.5:1. The results 
are shown in Fig. 6. 

Chromatography of Modified Enzymes—Chromatograms ob- 
tained from 1- < 20-cm columns of the Amberlite resin XE-64 
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Fig. 4. Ionograms of peptides after reaction with nitrous acid, 
Whatman No. | paper, 20 volts per cm, 9 hours, pyridine acetate 
buffer pH 6.0, total loads about 160 ug. a, S-Peptide, untreated; 
b, samples after indicated times, in minutes, of nitrous acid treat- 
ment (see text for conditions); c, Rerun of eluate of shaded spot 
from preparative run similar to 6 (60 minutes). 
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Fic. 5. Activity of mixtures of various peptide derivatives and 
a fixed quantity (8.4 ug) of S-Protein. @, Triacetyl-S-Peptide, 
RNA as substrate; O, Triacetyl-S-Peptide, uridine 2’,3’-phos- 
phate as substrate; M, Diguan-S-Peptide, RNA as substrate; 0, 
Diguan-S-Peptide, uridine 2’ ,3’-phosphate as substrate; ——, S- 
Peptide, untreated, data for both substrates (1). 
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Fic. 6. Activity towards RNA, as a function of pH, of various 
enzyme preparations at the same molar concentration. The ordi- 
nate gives the actual measured absorbance at 260 my of the acid- 
soluble nucleotides produced. Above values of 0.6 the absorbance 
is no longer accurately proportional to the amount of enzyme 
present. The peptide preparations were added in 1.5X molar 
excess to samples of S-Protein. ——, RNase-A; O, RNase-S; — 
—, RNase-S’; @-Guan-S-Peptide (Preparation 2) + S-Protein; 
— -— Deam-S-Peptide + S-Protein; @, performic acid oxidized 
RNase-A + S-Protein; — - - — Triacetyl-S-Peptide + S-Protein. 


at 2° with 0.2 m phosphate buffer, pH 6.35, are shown in Figs. 
7,8,9,and 10. The absorbance at 280 muy, the ninhydrin color, 
and the enzymic activity towards RNA were measured for each 
1.5-ml fraction from the column. S-Peptide alone, Fig. 7, a, 
appeared close to the solvent front and showed no absorbance 
at 280 muy (all of the tyrosine of the native enzyme is contained 
in S-Protein). RNase-S gave the peak shown in Fig. 7, b, dis- 
placed as expected (1), from the position of RNase-A determined 
on this same column and shown by the arrow in the figure. The 
reconstituted enzyme, RNase-S’, prepared by adding an excess 
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of S-Peptide to a sample of S-Protein gave the chromatogram 
shown in Fig. 7,c. The enzymatically active protein peak ap- 
peared in a position indistinguishable from that of RNase-S, 
The excess S-Peptide appeared as a ninhydrin-positive peak in a 
position identical to Fig. 7, a and showed no enzyme activity in 
the absence of added S-Protein. When S-Protein with no added 
peptide was put on the column, it was adsorbed so tightly to the 
resin that no material appeared in the eluate up to 300 ml (10 
times the volume required to elute RNase-S). If a sample of 
S-Peptide was then put on the column or if the pH of the buffer 
was increased to about 8, some material could be obtained al- 
though in neither case was the recovery quantitative. 

The chromatogram of a mixture of S-Protein and Triacetyl- 
S-Peptide is shown in Fig. 8,a. The peak is markedly displaced 
towards the solvent front from the position of RNase-S’ and 
shows the expected low specific activity. A mixture of S-Pro- 
tein, S-Peptide and Triacetyl-S-Peptide was made such that the 
mole ratios were 1:1:1. The chromatogram of this mixture is 
shown in Fig. 8, b. The pattern now shows two active peaks: 
one in the position expected for RNase-S’ and one in the position 
expected for the Triacetyl-S-Peptide:S-Protein complex. Since 
there was enough of either peptide by itself to interact with the 
entire amount of S-Protein used, the appearance of the two peaks 
would seem to indicate that the equilibrium constants for the 
binding of both S-Peptide and Triacetyl-S-Peptide to S-Protein 
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0.2 m phosphate buffer, pH 6.35, as eluting liquid. ——, absorbance 
at 280 mu, @, absorbance at 570 my of aliquots treated with nin- 
hydrin; O, activity towards RNA, +, activity towards RNA in 
presence of added S-Protein. a, S-Peptide, 1 mg; b, RNase-S, 
5.4 mg; c, S-Protein 4.5 mg + S-Peptide 1.5 mg. The position at 
which the RNase-A peak appeared on this column is shown by the 
arrow. 
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must be of the same order of magnitude. No information is 
available as to the effect of the order of addition of the peptides 
to the S-Protein solution. 

The complex of Deam-S-Peptide and S-Protein also moves 
much faster than RNase-S’ (Fig. 9). In contrast the complex 
of Guan-S-Peptide (Preparation 1) and S-Protein moves more 
slowly than RNase-S’ (Fig. 10, a). Fig. 10, 6 shows the elution 
pattern of a mixture of S-Protein, Guan-S-Peptide, and S-Pep- 
tide in the mole ratio 1:0.5:1. The appearance of both enzymi- 
cally active peaks indicates that S-Protein binds Guan-S-Peptide 
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Fig. 8. Chromatograms on same column described in Fig. 7. 
a, S-Protein 4.5 mg + Triacetyl-S-Peptide 1.8 mg. 6, S-Protein 
4.5 mg + S-Peptide 1.2 mg + Triacetyl-S-Peptide 1.2 mg. The 
position of the RNase-S’ peak (Fig. 7) is shown by the arrow. 
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Fig. 9. Chromatogram on same column described in Fig. 7. S- 


Protein 4.5 mg + Deam-S-Peptide 1.5 mg. 
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Fig. 10. Chromatograms on same column described in Fig. 7, 
a, S-Protein 4.5 mg + Guan-S-Peptide (Preparation 1) 0.8 mg, b- 
S-Protein 4.5 mg + S-Peptide 1.0 mg + Guan-S-Peptide (Prepara. 
tion 1) 0.6 mg. The position of the RNase-S’ peak (Fig. 7) is 
shown by the arrow. 


nearly as well as it binds S-Peptide. The excess peptides appear 
as a ninhydrin-positive peak with no activity close to the solvent 
front. Although the major component of the Guan-S-Peptide 
used for these chromatograms was Diguan-S-Peptide, the prep- 
aration was a mixture and contained significant quantities of the 
triguanidinated and the diguanidinated, deamidated derivatives. 


DISCUSSION 


The acetylation of primary amino groups in aqueous solution 
by treatment with acetic anhydride can easily be carried out in 
the pH range 5 to 8. If one wants to maintain the pH at a given 
value mechanically, as with a pH-stat, the reagent would have 
to be added very slowly in the alkaline range because of the rapid 
hydrolysis. In this study at pH 6 no difference was observed 
for a given total excess of reagent, between one addition at the 
start or multiple small additions over a period of time. The 
hydrolysis was slow enough to permit maintenance of the pH by 
the pH-stat. In either case complete acetylation was ap- 
proached only when the reagent was added in an excess of at 
least 300 moles per mole of amine. The required excess would 
undoubtedly vary in particular cases depending on the pH of 
the reaction, pK’ values of the amino groups involved, and pos- 
sible catalytic hydrolysis of the reagent by other functional 
groups (i.e. the imidazolyl group present on Residue 16 of S-Pep- 
tide). In order to minimize possible side reactions a smaller 
excess (50 moles of acetic anhydride per mole of amino group) 
was used for the preparation of Triacetyl-S-Peptide. This pro- 


cedure was considered safer than attempting complete acetyla- 
tion but necessarily required separation of the products. 

The analysis of Triacetyl-S-Peptide showed 3.0 moles of acetic 
acid released by acid hydrolysis and 0.9 mole of ‘volatile acid”’ 
The presumption is that the sample con- 


before hydrolysis. 
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tained one acetyl group on each amino group and was contami- 
nated with a small amount of an acetate salt. The absence of any 
appreciable ninhydrin color relative to the unacetylated peptide 
indicates that the amino groups had been covered. The enzymic 
activity of a solution of Triacetyl-S-Peptide was tested after 1 
hour and 24 hours of standing at pH 10 and room temperature. 
No change was noted between this sample and one maintained 
at pH 6. If the extra acetic acid had been present as an acety]- 
imidazolyl group on Residue 16, hydrolysis at pH 10 would have 
been almost instantaneous. If present as an ester of one of the 
serine or threonine residues, at least partial hydrolysis would 
have been expected. Other studies on the use of acetic anhydride 
under these conditions have shown no evidence of such ester 
formation ((4), however see (17)). It is concluded that such 
substitutions are unlikely and that, if they did occur, they are 
not the cause of the altered enzymic behavior of Triacetyl-S- 
Peptide. 

The reaction of O-methylisourea with e-amino groups at 2° is 
slow. In this study complete conversion to the guanidino de- 
rivatives was not attained with reaction times much shorter than 
100 hours at pH 10. This is in agreement with the general ob- 
servations made on intact proteins (11, 13, 18, 19). The much 
slower but significant rate of reaction of the a-amino group of 
S-Peptide was also evident. Reaction of the a-amino group of 
intact RNase to the extent of 10 to 20% would have been over- 
looked with the analytical techniques employed (11). 

The chromatograms of RNase-S and RNase-S’ (the recon- 
stituted enzyme) are almost identical. This evidence combined 
with the similarity of enzymic activity (1) and immunochemical 
behavior (20) indicate that the two substances are in fact very 
similar if not identical. The inability to chromatograph S-Pro- 
tein successfully under the same conditions may be due either to 
markedly altered phosphate binding by this substance or to its 
tendency to aggregate.” 

The sensitivity of the chromatographic behavior to alteration 
of the functional groups is seen in the differences in peak position 
between RNase-S’ and the various peptide derivative :S-protein 
compounds (Figs. 7 to 10). The recovery of practically all of 
the added S-Protein in these cases indicates that each peptide 
derivative is bound strongly enough to S-Protein so that the two 
move as a single entity. The data must be interpreted with 
‘aution as in any binding study employing a moving boundary 
system; but, with this in mind, the chromatograms would seem 
to indicate that Triacetyl-S-Peptide, Guan-S-Peptide, and 
S-Peptide are bound about equally well by S-Protein. It is not 
possible as yet to evaluate the effect, if any, of the high concen- 
tration of inorganic phosphate ion present in the eluting buffer 
on the relative binding of these peptides. 

The activity data in Fig. 5 show a marked difference in the 
behavior of the Triacetyl-S-Peptide:S-Protein complex towards 
the two substrates used for RNase assay. For RNase-S’ the 
two curves are identical and show a sharp break at a mole ratio 
of 1.0. When performic acid oxidized RNase-A was used as the 
peptide the absence of such a break was interpreted as a decrease 
in the peptide-protein binding constant (1). In the present case 
the data for the cyclic phosphate substrate might be interpreted 
in the same manner. This would imply that S-Peptide is bound 
much more firmly than Triacetyl-S-Peptide and could thus dis- 
place the latter in a mixture of the two with S-Protein. The 
chromatographic evidence would indicate that this is not the case. 


2 J. E. Allende and F. M. Richards, unpublished results. 


Amino Groups of RNase-S-peptide 


Vol. 235, No. 4 


The solution of this apparent anomaly must await a more critical 
binding study of these two peptides. It should be noted that the 
solvents used for the chromatography and activity assays are 
not the same. If a decrease in binding constant is not involved, 
it is difficult to see how an excess of Triacetyl-S-Peptide can af- 
fect the activity of the 1:1 complex of this derivative with S-Pro- 
tein.. In this type of assay experiment Deam-S-Peptide and 
Diguan-S-Peptide are indistinguishable from the untreated pep- 
tide in their behavior towards both substrates. 

Considering now only RNA as a substrate, the maximum ac- 
tivity obtained with a slight molar excess of Triacetyl-S-Peptide 
was only 40% of that observed with the unmodified peptide. All 
the peptides eluted from an ionogram similar to Fig. 1, c, repre- 
senting various extents of acetylation, showed activity when 
mixed with S-Protein. The maximum activity obtainable with 
such eluates (as determined by assaying increasing amounts of 
eluate with a fixed quantity of S-Protein) varied from 100% for 
the material moving most rapidly towards the cathode to 35% 
for that moving towards the anode. The complete loss in ac- 
tivity observed on acetylation of RNase-A must be due to altera- 
tion in a portion of the molecule represented by S-Protein. 

By the same reasoning, since S-Peptide may be guanidinated 
completely without any effect on its potential activity, the loss 
in activity observed on guanidination of the native enzyme must 
be due to changes in the S-Protein portion of the molecule as 
previously indicated by Klee (21). The data given in Table III 
show that this is true. Further, RNase-A, RNase-S, and S-Pro- 
tein lose activity at very nearly the same rate. A single e-amino 
group, reacting more slowly than the other nine and essential 
for enzymic activity, has been postulated to explain the relation 
between extent of guanidination and residual activity for RN- 
ase-A (11). This group must be present in the same environ- 
ment in RNase-S and S-Protein and thus be unaffected by the 
association or dissociation of S-Peptide. When the structure of 
the RNase molecule is markedly altered (7.e. solution in 8 m 
urea), the over-all rate of guanidination is about the same but 
the enzymic activity is lost much more rapidly. Thus the unique 
€-amino group can be “unmasked” but apparently is not in 
S-Protein. 

Deam-S-Peptide, Acetyl-Diguan-S-Peptide, and Triguan-S- 
Peptide all have potential enzymic activities equal to that of the 
unmodified peptide. Thus replacement of the a-amino group 
with a hydroxyl, acetamido, or guanidino group appears to have 
no effect on the catalytic behavior of the complex of these pep- 
tide derivatives with S-Protein. The decreased activity ob- 
served with Triacetyl-S-Peptide must be due to acetylation of 
one or both of the e-amino groups. Diguan-S-Peptide shows 
undiminished potential activity. An acetamido and a guanidino 
group are very similar in size and shape. It is difficult to picture 
a simple steric explanation for the difference in activity of these 
two derivatives. The most obvious differences are charge and 
ionization behavior. 

The titration data of Tanford and Hauenstein (22) do not in- 
dicate any amino groups titrating “abnormally” in RNase-A. 
If a part of the activity decrease of this enzyme between pH 8 
and pH 10 were due to the loss of a proton from either or both 
of the e-amino groups in S-Peptide, the guanidinated derivative, 
by maintaining the full positive charge in this pH region, should 
show a higher activity than S-Peptide. This was not observed. 
Correspondingly, the acetylated derivative, where the positive 
charges have been eliminated, shows about 40% of the activity 
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of S-Peptide at all pH values. Thus, there is no evidence that 
the ionization behavior of these particular amino groups has any 
effect on the pH-activity profile for ribonuclease. A proper ex- 
planation of the lowered activity of the acetylated derivative 
must await a much more detailed investigation of the kinetics 
than has yet been made. Since full activity can be obtained 
with the cyclic phosphate substrate but not with RNA, a pos- 
sible explanation would be that at least one of the acetyl groups 
interferes with the binding of RNA to the enzyme. If this 
group were some distance away from the catalytic center, it 
might easily not interfere with the binding of the smaller sub- 
strate. 

In general, the problem of the modification of enzymes is 
complicated by the fact that the experimental conditions em- 
ployed may cause unrecognized changes in structure other than 
those of the intended reaction. In the present case this problem 
is eliminated since S-Peptide has no secondary structure that 
can be “irreversibly denatured” and it is small enough for changes 
in covalent structure to be established with certainty. The 
§-Protein component serves as a common denominator in the 
comparison of a series of S-Peptide derivatives. There is no 
doubt that the primary cause of any activity changes is due to a 
specific alteration in S-Peptide. However, until the nature of 
the catalytic site is more clearly established, the direct cause of 
the activity change cannot be specified (23). It is also clear 
that the terms “essential’’ and “nonessential’’, commonly used 
in classifying the functional groups of enzymes, have only very 
limited significance. The designation is made in interpreting 
the results of modification studies. The results obtained, how- 
ever, will depend not only on the particular functional group that 
is changed but also on the chemical nature of the modification. 
If sufficiently drastic, the modification of any functional group 
in the enzyme molecule might be expected to affect the enzymic 
activity. On the other hand certain changes in the structure of 
the catalytic site itself might have no effect. 


SUMMARY 


The 20-residue peptide component of subtilisin-modified ribo- 
nuclease has been treated with acetic anhydride, with nitrous 
acid and with O-methylisourea to effect changes in the two amino 
groups of the NH--terminal lysine residue and in the ¢e-amino 
group of the lysine residue in position 7. The following peptide 
derivatives have been characterized: 1a-hydroxy-; 1e€,7¢-digua- 
nidino-; Ja,le,7e-triguanidino-; 1/a-acetamido-/e,7¢-diguani- 
dino-; and 1a, 1€,7¢-triacetamido-S-Peptide. When the first four 
of these derivatives are mixed with equimolar amounts of the 
protein component of the modified enzyme, the compounds 
formed show enzymic activity indistinguishable from that of the 
untreated peptide towards both ribonucleic acid and uridine 
2',3'-phosphate. This behavior is in contrast with that of /a,- 
le,7e-triacetamido-S-Peptide which, at all pH values between 
4 and 10, shows only 40% of the activity of the untreated pep- 
tide towards ribonucleic acid. This lowered activity is caused 
by the acetylation of one or both of the e-amino groups. None of 
the modifications made in the a-amino group has any demon- 
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strable effect. With uridine 2’ ,3’-phosphate as substrate a fixed 
amount of the protein component shows increasing activity as 
the molar excess of the triacetylated peptide derivative is in- 
creased. With a 10-fold molar excess, the activity approaches 
that shown by the unmodified peptide in contrast to the obser- 
vations with the ribonucleic acid substrate. 

The protein component, its complex with the unmodified pep- 
tide, and its complexes with various peptide derivatives differ 
widely in their chromatographic behavior on columns of the 
Amberlite resin XE-64. It appears that the diguanidinated and 
triacetylated derivatives are bound nearly as well to the protein 
component as is the unmodified peptide. 

The technique used for measuring the acetyl content of 0.5 
umole of the peptide is described. 
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Earlier immunological investigations of growth hormone (so- 
matotropin) isolated from bovine and human pituitaries showed 
that these two protein hormone preparations form species- 
specific antibodies, as evidenced by the results of precipitin 
ring tests with rabbit antiserum and of anaphylactic shock 
experiments in guinea pigs (1, 2). It was further demonstrated 
that the rabbit antiserum exerts in hypophysectomized rats an 
antihormone activity specific for the particular growth hormone 
concerned. This paper presents quantitative data on the an- 
tigen-antibody complex of human growth hormone. In addi- 
tion, the growth hormone content of human pituitary glands 
has been quantitatively determined on the basis of the immuno- 
chemical reaction of the hormone. 


EXPERIMENTAL 


Antigen—Growth hormone was isolated from human pitui- 
taries by a method previously outlined (3, 4). The homogeneity 
of the preparation has been demonstrated by electrophoresis, by 
studies in the ultracentrifuge and by terminal group analysis 
(3-6). 

Production of Rabbit Antiserum—Young albino rabbits weigh- 
ing initially approximately 2.4 to 2.8 kg were immunized ac- 
cording to a schedule essentially the same as that followed 
previously (2), except that the booster shots were given in 0.9% 
NaCl solution instead of as an alum precipitate. It was ob- 
served that high antibody titers could be obtained with a total 
dose of 7 or 8 mg of human growth hormone. Only sera ob- 
tained from the first two bleedings were used in the present 
experiments. 

Preparation of y-Globulin—The antibodies to normal serum 
proteins that were contained in the antiserum were absorbed out 
by the repeated addition of small amounts of normal human 
serum in 1:10 dilution. The y-globulin was prepared from this 
absorbed antiserum by a modification of the method originally 
described by Horejsi and Smetana (7). The procedure was as 
follows: 25 ml of rabbit antiserum were adjusted to pH 8.5 and 
mixed with 87.5 ml of a 0.4% solution of rivanol (2-ethoxy-6 ,9- 
diaminoacridine lactate), which had been adjusted to the same 
pH. The resulting precipitate was removed by centrifugation 
at room temperature, and for every 15 ml of the clear super- 
natant fluid, 2 ml of saturated ammonium sulfate solution were 
added. The resulting solution was adjusted to pH 5.5 and 
poured onto an Amberlite cation resin (IRC-50) column that 
had been equilibrated with a 0.2 m phosphate buffer of pH 5.5 
containing 0.5 m (NH,)S8O,. Under these conditions the rivanol 
and any contaminating hemoglobin pigment were strongly ad- 
sorbed onto the resin, whereas the y-globulin passed through 


unadsorbed. This eluate was thoroughly dialyzed first against 
running water and then against distilled water in the cold, and 
was then lyophilized. The yield was of the order of 300 mg for 
25 ml of the serum. The preparation retained immunological 
activity over long periods of time when stored at 2° in a desic- 
cator. The y-globulin dissolves very readily in sodium chloride 
or phosphate buffer (pH 7.4); the very small amount of residue 
which remains is removed by centrifugation. 

The preparation obtained by this method, when it was sub- 
jected to free electrophoresis, was found to contain y-globulin to 
the extent of 73%. This main component had a mobility, in 
Veronal buffer of pH 8.9 and 0.1 ionic strength, of —1.15 « 10-5 
sq. em per second per volt. Two additional electrophoretic 
components, with mobilities of —3.56 « 10-5 and 4.20 x 10-5 
sq. em per second per volt, respectively, accounted for the re- 
mainder. The preparation of y-globulin obtained by means of 
the rivanol procedure is sufficiently pure to be used satisfactorily 
for the quantitative precipitin tests and, moreover, the proce- 
dure has the special advantage of being relatively easy to per- 
form. For the purposes of this paper, this y-globulin fraction 
will be called y-globulin. 

Precipitin Reaction—The procedure followed for the quantita- 
tive precipitin reactions was essentially that of Heidelberger 
and Kendall as outlined by Kabat and Meyer (8). To increas- 
ing amounts of antigen in serological tubes was added a re- 
constituted y-globulin solution (12 mg per ml) in the amount 
of 0.5 ml per tube. In the single instance where a comparative 
study between absorbed antiserum and y-globulin was made, 
absorbed antiserum (0.5 ml) was used instead of this y-globulin 
solution. The pH of the media was maintained at 7.5 by the 
addition of m/100 phosphate buffer made 0.9% with respect to 
NaCl, in varying amounts so that the volume did not exceed 
1.5 ml. 

The tubes were incubated under a table lamp (approximate 
temperature 37°) for 1 hour, and stored in a refrigerator (2°) 
for 72 hours. Merthiolate in a concentration of 1:10,000 was 
added to prevent bacterial growth. The precipitates were then 
removed by centrifugation in the cold for 30 minutes, and the 
supernatant fluids were transferred to individual tubes for the 
determination of excess antigen and antibody. The precipitates 
were washed first with 1.0 ml and then 0.5 ml of chilled 0.9% 
sodium chloride solution, with centrifugation for 15 minutes in 
the cold being carried out after each washing. The washed 
precipitates were then dissolved in 0.18 ml of 0.01 n NaOH and 
the protein was determined by means of the micro method of 
Lowry et al. (9). 

The supernatant fluids were tested for excess of antigen and 
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fluids, larger cups holding as much as 0.10 to 0.15 ml of solution 
in a regular Petri dish were used. The precipitin bands were 
clearly visible within 12 to 24 hours and could easily be photo- 
graphed. 
RESULTS 

Precipitin Tests in Agar—The single continuous antigen-anti- 
body precipitin band obtained from the agar-gel diffusion 
studies, carried out with varying concentrations of human 
growth hormone (Fig. 1), clearly demonstrates the immuno- 
chemical homogeneity of the antigen. That the purified human 
growth hormone and the isolated y-globulin are identical with 
their native counterparts, i.e. growth hormone as it exists in the 
pituitary gland and the antibody present in the antiserum, 
respectively, is evident from the precipitin band seen in Fig. 2. 

Growth hormone isolated from monkey pituitaries (3, 4) 
cross-reacted fully with antiserum to human growth hormone 
(Fig. 3). It can also be seen from Fig. 3 that growth hormone 
from sheep (11) or beef (12) pituitaries did not cross-react with 
the antiserum to human growth hormone. This result is in 


Fig. 1. Precipitin reaction between human growth hormone complete agreement with the earlier findings (13) obtained by 
and antiserum to human growth hormone, as determined by the means of precipitin ring tests. 
Ouchterlony technique. Antiserum, 6 ul, in central well; /, 2.5 





¥ 9) 2. ~~ mite — ‘ } ive ate inati 3 
ug of human growth hormone; 2, 5 ug of human growth hormone; Quantitative Precipitin Tests Quantitative dete rminations of 
3, 7.5 wg of human growth hormone; 4, 10ug of human growth hor- the amounts of the precipitates obtained from the region of 
mone. Figs. 1 to 3 were photographed at the end of 24 hours. antibody excess to the region of antigen excess for a human 


growth hormone/y-globulin system are presented in Table I and 
Fig. 4. It can be noted that the equivalence point for human 
growth hormone is located at 50 ug. In keeping with the postu- 
late of Heidelberger and Kendall (14), the ratio of antibody (Ab) 
to antigen (An), when plotted against the antigen concentration, 
gave a straight line. By extrapolation, the value for R, i.e. 
the ratio of Ab to An at the equivalence point, is obtained. 
There is close agreement between the extrapolated value for 
R, 2.5, and the observed value of 2.25 (Table I). Total in- 
hibition of precipitation could be achieved at a concentration 
of 400 to 500 ug of antigen. 








Fic. 2. Precipitin reactions as determined by the Ouchterlony 
technique. /, human growth hormone, 15 ug; 2, y-globulin, 240 
ug; 3, human pituitary extract, 151; 4, antiserum to human growth 
hormone, 10 yl. 


antibody by both the precipitin ring test and the Ouchterlony 
agar-gel diffusion technique (10). The point at which no excess 
of antigen or antibody was detectable in the supernatant fluid 
was taken as the equivalence point. 

Agar-gel Technique—The technique used for the precipitin 
tests in agar was a micro modification of the well known Ouch- 
terlony procedure (10). The agar plate was prepared by setting 
a microscope slide in a suitable frame and pouring onto it 5 ml 
of 0.9% molten agar. Holes were then made in the set agar 
according to a predetermined pattern (cf. Figs. 1 and 2). With Fig. 3. Cross-reaction between antiserum to human growth 


small holes used to hold antigen and antibody, it was possible hormone and monkey, bovine, and ovine growth hormones. 6 ul 


ti stenen Unane- eanednk diti nolan oll ag Mh, on 601 of antiserum to human growth hormone contained in central well; 
> per y mese agar-ge $8 SU ‘Ss F Ss > as . ‘ 
a. garg 1, human growth hormone, 2 ug; 2, monkey growth hormone, 


ml of the antigen and antiserum solutions. For the tests to yg: 3, bovine growth hormone, 5 ug; 4, ovine growth hormone, 
determine excess of antigen and antibody in the supernatant xg. 





2 
5 








1040 


TABLE [| 


Precipitin reaction of human growth hormone with y-globulin 
isolated from rabbit antiserum to human growth hormone 

















Total | Antibody | Antibody/ |, .. 4; mae bea) 
Ant : ae : | Antibod: Ant 
added | cote g | Mamet ty | antigen | Scpernatant | supernatant 

- B |} B-A | (B—A)//A | = = 

us us us 

i wT iss i. 1 + - 

5.0 30 25.0 5.0 + _ 

10.0 53 43.0 4.3 + - 
25.0 100 «6©| ~=«(73.0 0 | + ~ 
40.0 140 | 100.0 2.5 + - 
50.0 “So Foe. ae _ 
60.0 171 _ = 3 
70.0 186 - + 
80.0 157 = + 
100.0 140 - + 
120.0 127 as + 
200 10 
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. 140k a 
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a 
SS, 42 
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Antigen, pg. 


Fic. 4. Precipitin curve for human growth hormone and 7- 
globulin from antiserum to human growth hormone. 6 mg of 
+-globulin per tube; total volume of reactants, 1.5 ml. O, precipitin 
curve; 0, antibody to antigen versus antigen. 


The precipitin curves obtained from the reaction of human 
growth hormone with both the prepared y-globulin and the 
absorbed antiserum are presented in Fig. 5. With the absorbed 
antiserum, neither a clear cut equivalence point nor a zone of 
excess antigen could be observed. It is evident from the pre- 
cipitin curve for the human growth hormone/y-globulin system 
that some contaminating antibodies have been removed in the 
course of the preparation of the y-globulin. 

The precipitin curves obtained with purified human growth 
hormone and with the growth hormone present in the crude 
pituitary extract as antigens can be seen in Fig. 6. It is inter- 
esting that there is very little difference in immunological be- 
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havior between the two. Moreover, the precipitin curve ob- 
tained for human growth hormone dissolved in normal huma: 
serum (Fig. 7) is very similar to that obtained for human growt} 
hormone alone. 


300+ - 
a AKA 
270+ vA 
x & 
240-—s 
soo f 
a ae 
2 i180} : 
2. H 
oO ¥ ‘ 
e"-"T4 
@ me 
° 120+ } 
Oo. = 
90L! 4-2 Absorbed antiserum 
LA o—o Isolated GG from 
60+: antiserum 
30 








a Pe a ee ee ee 
40 80 120 160 200 
Antigen, ug. 
Fic. 5. Precipitin curves for human growth hormone obtained 
with absorbed antiserum and isolated y-globulin (GG). A, ab- 


sorbed antiserum, 0.5 ml per tube; O, isolated y-globulin from 
antiserum, 6 mg per tube. Total volume in each instance, 1.5 ml. 


200+ 
co 
6 \ 
160 Ff 
140+ ’y 
‘> 


120- 






lOOF 


o—o Pituitary extract 


8O0}F o--o Purified HGH 


Protein, pptd. yg. 


60 


40 


20} 





eae a ee a 


40 80 120 160 200 
Antigen, pg. 


Fig. 6. Precipitin curve obtained for human pituitary extract 
and y-globulin (6 mg per tube). O O, pituitary extract; 
O---O, purified human growth hormone (HGH). 
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Fic. 7. Precipitin curve showing recovery of human growth Fic. 8. Precipitin curve showing cross-reaction between mon- 
hormone (HGH) added to normal human serum. A---A, hu- key growth hormone (MGH) and y-globulin isolated from anti- 
man growth hormone added to normal human serum; O——O, 


human growth hormone alone; 6 mg of y-globulin per tube. 


Since it was demonstrated by the experiments in agar-gel 
described above that monkey growth hormone cross-reacts with 
antiserum to human growth hormone, it is not surprising that 
the precipitin curve obtained with monkey growth hormone is 
very similar to that obtained with the human hormone (Fig. 8). 
The equivalence point for the monkey hormone is at 70 ug and 
the ratio of Ab to An at the equivalence point is 1.2. In a fur- 
ther experiment in which 6 mg of y-globulin from human growth 
hormone was treated with an equivalent concentration of mon- 
key growth hormone (70 wg) and the supernatant fluid tested 
for any reactivity with human growth hormone, no reaction was 
observed, indicating that all the precipitable antibodies to 
human growth hormone had been precipitated by the monkey 
growth hormone. Thus, it can be concluded from these various 
data that the cross-reaction between these two primate hor- 
mones is complete. 

Estimation of Growth Hormone Content in an Extract from 
Whole Human Pituitary—The quantitative precipitin test has 
been applied as an immunochemical assay method, to give an 
estimation of the growth hormone content in single human 
pituitary glands. In a typical experiment, a single frozen 
human pituitary weighing approximately 600 mg was homoge- 
nized in a Waring Blendor with 50 ml of cold distilled water for 
2 minutes. The mixture was transferred to a beaker, the pH 
was adjusted to 10.5, and the beaker was stored at 0° for 1 hour. 
After centrifugation, the clear supernatant fluid was diluted to a 
final volume of 100 ml and the pH adjusted to 7.0. For the 
immunochemical assay, a standard curve was established on 
the basis of the linear portion (0 to 20 wg of human growth 
hormone) of the precipitin curve (Fig. 4). Aliquots of the 
extract containing a concentration of human growth hormone in 
the range between 0 to 20 wg were used for the precipitin test; 


serum to human growth hormone (HGH) (6 mg of y-globulin per 
tube). A——A, monkey growth hormone; O---O, human 
growth hormone. 


TaBLe II 


Immunochemical and biological assay of growth hormone (GH) 
in human pituitary extracts 




















GH content by immuno- GH content by 
chemical assay bioassay* 
Pituitary | Weight of 
sample pituitary r 
In single | Per g of In single | Per g of 
pituitary | wet tissue pituitary wet tissue 
13 i me Sigal meg me meg mg 
A 520 ye oe 
B 627 6.3 10.0 4.0 6.5 
C 463 3.8 } 8.3 2.0 4.3 
D 635 5.2 8.2 3.0 4.7 
I 701 8.8 12.5 6.0 | 8.6 
| 
Average 5.7 | 9.5 3.8 | 6.0 








* On the basis of increment of the width of tibial epiphyseal 
cartilage plate in hypophysectomized rats. 


the results of the assay on five pituitary samples are given in 
Table II. Biological assay was also performed by the tibia 
test (15) in hypophysectomized rats. It can be observed that 
the values obtained from the inymunochemical assay were 
usually slightly higher than those from the biological assay. 


DISCUSSION 


The agar-gel diffusion patterns and the precipitin curves ob- 
tained in this study demonstrate unequivocally the specificity 
of the antigen-antibody system of human growth hormone. 
The precipitin curves obtained for purified human growth hor- 
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mone and for the growth hormone in the crude pituitary extract 
are nearly identical, with the exception of a slight divergence in 
the zone of excess antigen. The affinity between the purified 
human growth hormone and its antibody may be stronger than 
that between native growth hormone and its antibody, necessi- 
tating in the former instance a higher concentration of antigen 
to inhibit the precipitation. The possibility cannot be over- 
looked, however, that the pituitary extract may itself contain 
factors which bring about inhibition of precipitation. 

The cross-reactions between the growth hormones derived 
from the two primate species, human and monkey, are ap- 
parently total, as can be observed from Figs. 3 and 8. The 
equivalence points for the human and monkey systems are at 
50 wg and 70 ug, respectively, and the amount of antibody pre- 
cipitated at these points is 111 yg for human growth hormone 
and 82 wg for monkey growth hormone. The ratio of Ab to An 
at the respective equivalence points are, however, very different 
for the two systems; that for human growth hormone being at 2.3 
and that for monkey growth hormone at 1.2. Although there is 
considerable similarity between the two protein molecules in 
many respects, such as molecular weight, terminal groups, and to- 
tal number of amino acid residues, the two proteins differ totally 
with respect to their sedimentation constants, isoelectric points, 
and total number of disulfide bridges (3, 4). It is quite likely 
that these differences, which imply differences in over-all struc- 
ture of the molecule, may account for the differing ratios, al- 
though human and monkey growth hormones may both have 
the same combining sites. 

An analytical method for the estimation of antigen could 
very well be formulated from the precipitin data, provided that 
the antigen-antibody system available were sufficiently homo- 
geneous and specific. An immunochemical method for the 
estimation of the growth hormone content in pituitary gland 
extracts has been developed. It has been noted that the value 
arrived at by this method is generally higher than that obtained 
by bioassay (Table II); however, the values obtained for each 
pituitary extract on the basis of the quantitative precipitin 
reaction are easily reproducible. 

The possibility of applying this method to sera from subjects 
with pathological conditions has also been explored. When 
the recovery of human growth hormone from normal human 
serum was tested, it was observed that at concentrations rang- 
ing between 0 to 20 ug, the recovery was 100%. It was found, 
however, that when precipitin ring tests were performed with 
large volumes of representative samples of sera from acromegalic 
subjects, no clear-cut precipitin ring could be observed. This 
would apparently mean that the level of human growth hormone 
in this sera is below a concentration of 1 wg per ml. Indeed, a 
preliminary estimate of the growth hormone content in lyo- 
philized sera from several acromegalic subjects, made on the 
basis of this quantitative immunochemical method, was approxi- 
mately 0.2 ug of the hormone per ml of serum. 
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SUMMARY 


Reactions between rabbit antiserum to human pituitary 
growth hormone and the hormone from ovine, bovine, simian, 
and human pituitaries have been investigated by the agar-gel 
procedure of Ouchterlony. It was found that human growth 
hormone behaved as an homogeneous antigen and that the anti- 
serum cross-reacted only with the simian hormone. 

A modified rivanol procedure for the preparation of y-globulin 
from rabbit antiserum to human growth hormone has been de- 
scribed; a quantitative precipitin curve with a purified y-globulin 
fraction used as the antibody was obtained for human and 
simian growth hormone. It was noted that the antigen in 
human pituitary extracts was immunochemically indistinguish- 
able from the hormone isolated from human pituitaries, on the 
basis of both the quantitative precipitin tests and the agar-gel 
diffusion method. 

The quantitative precipitin reaction has been used to estimate 
the growth hormone content in single human pituitaries, and an 
estimation of the growth hormone content in sera of acromegalic 
patients has been presented. 
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In recent years, attention has been focussed on the acceptor 
function of the serine hydroxyl in various enzymes. Acyl! or 
phosphoryl residues appear to link to it in group transfer, and 
also in the initial phase of ester or peptide hydrolysis (1-4). 
This has led to a revival of interest in the classical phosphopro- 
teins, vitellic acid and casein, which carry phosphate on the hy- 
droxyl group of serine (5, 6). Phosphoproteins of this type were 
thought to be limited to nutrient material for growing organisms, 
such as egg yolk or milk. However, the recent isolation of serine 
phosphate from a variety of tissues suggests their general oc- 
currence (11-14). Moreover, serine-bound phosphate in tissue 
phosphoproteins has been found to turn over very rapidly (7-14). 
In some cases, this turnover has been correlated with tissue 
activity (15-17). For example, the rate of P® incorporation into 
phosphoprotein was found to increase on electrical stimulation of 
brain slices (18, 19). 

The similarity between tissue phosphoprotein and ordinary 
phosphoprotein, such as casein, is more explicitly shown by the 
studies of Burnett and Kennedy (20) on the mitochondrial trans- 
fer of the terminal phosphate of ATP to casein; a soluble protein 
phosphokinase that was rather specific for casein was isolated 
from rat liver mitochondria. We will report here on the reac- 
tivity of egg yolk phosphoprotein with this type of enzyme. 

Egg yolk phosphoprotein was explored as a substrate because 
of its high phosphorus and serine content. In this protein, 
nearly every second amino acid is a serine. Serine and phos- 
phate are present in approximately equal amounts. Therefore, 
serine must be the binding site of phosphate in the native pro- 
tein. The only acceptors found so far that are specific for this 
enzyme are casein and egg yolk protein. This observation seems 
to bear out the presumption that in both these proteins the 
hydroxyl group of hydroxy amino acids is the natural site of 
phosphate binding. Doubts about this have been expressed re- 
cently by Agren (21). We have explored the characteristics of 
protein-bound phosphoserine further by using a system consist- 
ing of egg yolk phosphoprotein and preparations of protein phos- 
phokinase from yeast and brain. These enzymes are similar to 
the ones obtained by Burnett and Kennedy (20), and more re- 
cently by Sundararajan et al. (22). One of the more interesting 
results of this study was the observation of a relatively easy 
phosphate transfer from yolk protein to ADP. 


* This investigation was supported in part by research grants 
from the National Cancer Institute, National Institutes of Health, 
United States Public Health Service; and from the National 
Science Foundation. 

+ Present address, Departments of Medicine and Biochemistry, 
The University of Chicago, Chicago, Illinois. 


EXPERIMENTAL 
Preparations and Methods 


Phosphoprotein was prepared from fresh egg yolk by the 
method of Mecham and Olcott (23); they introduced the name, 
phosvitin, which will be used here. The compound does not seem 
to be very different from that described as vitellic acid in earlier 
studies by Lipmann and Levene (5). Our present preparation 
contained 10% phosphorus, or 3.2 umoles of phosphate per mg 
of protein. 

ATP®, labeled in the two terminal phosphates, was prepared 
by pyrophosphate exchange through the tryptophan-activating 
enzyme system described by Davie et al. (24). The labeled 
ATP, which contained some ADP, was isolated by charcoal ad- 
sorption (25). When needed, this preparation was further puri- 
fied by Dowex 1-formate chromatography (26). P®-pyrophos- 
phate was prepared according to Jones et al. (27). 

Inorganic phosphate was determined by the method of Fiske 
and SubbaRow (28). When removing inorganic P® from mix- 
tures with organic phosphate, isobutanol-benzene extraction of 
phosphomolybdate was used (29). For the determination of 
alkali-labile phosphate, phosvitin was precipitated with trichloro- 
acetic acid, washed three times, and boiled for 15 minutes in 
normal NaOH. An aliquot of the neutralized supernatant fluid 
was used for phosphate determination. Occasionally a slight 
turbidity appeared upon addition of acid molybdate reagent; if 
so, internal phosphate standards were used. Isobutanol-benzene 
extraction of phosphate was necessary for determination of al- 
kali-labile phosphate on crude material, and the method of 
Martin and Doty (29) was used. Protein was determined by 
the trichloroacetic acid turbidity method (30), or by determin- 
ing the 280 to 260 my absorption ratio (31). Glucose 6-phos- 
phate and ATP were measured enzymatically through TPN 
reduction with glucose 6-phosphate dehydrogenase (32). ADP 
was measured analogously, using the increment after addition of 
muscle myokinase. The four times recrystallized hexokinase 
used in these reactions was a gift of Dr. M. Kunitz and was 
free of myokinase. 

Crystalline trypsin, chymotrypsin, pepsin, and papain were 
products of the Worthington Company. Crystalline, chromato- 
graphically pure ribonuclease was a gift of Drs. W. H. Stein 
and S. Moore. Crystalline rabbit muscle phosphorylase and 
partially purified phosphorylase 6 kinase were prepared by the 
method of Krebs and Fischer (33, 34), and were a gift of Dr. P. 
W. Robbins. 8-Casein phosphopeptone (35) was obtained from 
Dr. T. L. McMeekin, casein peptide (36) from Dr. E. H. Pol- 
laczek, and crystalline ovalbumin from Dr. G. Perlmann. 
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Preparation of Partially Dephosphorylated Phosvitin—Beef 
spleen protein phosphatase was prepared by the method of Sun- 
dararajan and Sarma (37). Before use, it was heated for 5 min- 
utes at 80°, pH 5.0, to inactivate proteolytic enzymes (38). 
This preparation was used to dephosphorylate phosvitin, with 
the procedure described in (37); toluene was added to the incu- 
bation mixture to inhibit bacterial contamination. For routine 
assay, the partially dephosphorylated phosvitin was precipitated 
with 10% trichloroacetic acid, redissolved in 0.05 m Tris, pH 
7.5, and dialyzed for three 18-hour periods against 50 volumes of 
distilled water. The degree of dephosphorylation was deter- 
mined by the inorganic phosphate released into the trichloroace- 
tic acid supernatant fluid. 

Preparation of Radioactive Phosvitin—In order to explore a re- 
verse transfer of phosphate from phosphoproteins to ADP, the 
phosvitin was marked by enzymatic transfer of P® to the pro- 
tein. It was then quantitatively precipitated by the addition of 
Mn(C), to a final concentration of 0.03 mM. Simultaneous precipi- 
tation of aliquots by trichloracetic acid provided analytical data 
regarding the degree of dephosphorylation. The MnCl, precipi- 
tate was redissolved in a small volume of 1 X 10-? m Versene, 
pH 7.5, dialyzed twice against 100 volumes of 1 X 10-3 m Ver- 
sene and twice against distilled water. This material did not 
contain protein phosphatase activity. 


Preparation of Protein Phosphokinase 


Enzymatic Assay—The enzyme was assayed by measuring the 
rate of transfer of P® from ATP® to 20 to 40% dephosphorylated 
phosvitin. The 1-ml incubation mixture contained: 2 mg of par- 
tially dephosphorylated phosvitin; 1 uymole of ATP® containing 
10-20 X 10* c.p.m. per umole of acid-labile phosphate; 5 ymoles 
of Mg*t+; and 50 umoles of Tris-chloride, pH 7.5. For brain 
enzyme assay, 50 umoles of phosphate buffer were used instead 
of Tris. After incubation for 15 minutes at 37°, the phosvitin 
was precipitated by adding trichloroacetic acid to a final con- 
centration of 10%. It was washed three times with 10% tri- 
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Fic. 1. Starch electrophoresis of yeast protein phosphokinase. 
Electrophoresis was run at 6.7 volts per cm for 36 hours in: 0.075 
mM Tris, pH 8.1; 0.015 m KzHPO,; 0.0025 m Versene; and 0.0005 m 
glutathione. Starch slabs of 14 cm were eluted with 15 ml of 0.05 
M PO, buffer, pH 7.5. Assays used 0.02-ml enzyme aliquots, 
ATP, specific activity 20,000 c.p.m. per umole of labile phosphate. 
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chloroacetic acid and, after drying on an aluminum planchette, 
was counted in a thin window Tracerlab Geiger-Miiller counter, 
The enzyme concentrations were adjusted to give less than 20% 
P® incorporation into phosvitin during assay. Specific activity 
is defined as umoles of phosphate transferred to phosvitin per 
hour per mg of enzyme protein. 

To explore a phosphate transfer from phosvitin to ADP and, 
if possible, determine the equilibrium between ATP and phos- 
phoprotein, one of our main problems was obtaining enzyme 
preparations that were free of ATPase and myokinase. Al- 
though a very high protein phosphokinase activity was found in 
crude calf brain extracts, purifications proved difficult since brain 
preparations rather stubbornly retain ATPase, myokinase, and 
deaminase activities. It proved possible, however, to prepare an 
ATPase- and myokinase-free fraction from brewers’ yeast. 

Purification of Calf Brain Enzyme—Stable acetone-butanol 
powders are prepared from fresh calf brain by the method of 
Morton (39). The powder is extracted at 4° with 25 volumes 
of 0.1 m phosphate buffer, pH 6.8, and is centrifuged. The su- 
pernatant fluid is acidified to pH 4.5 with 1 N acetic acid. The 
precipitate is dissolved in one-half the original volume of 0.05 u 
phosphate buffer pH 6.8, ammonium sulfate is added to 0.3 
saturation, and the precipitate is discarded. Ammonium sulfate 
is added to the supernatant fluid to 0.45 saturation; this fraction 
is then collected by centrifugation and dissolved in 0.05 m phos- 
phate buffer. A 60 to 70% yield is obtained of 15- to 25-fold 
purified enzyme, specific activity about 10. 

Purification of Brewers’ Yeast Enzyme—Dried Anheuser-Busch 
brewers’ yeast is extracted for 10 hours at 37° with 4 volumes of 
0.1 N NaHCOs, and the clear, yellow extract is separated by 
centrifugation. Solid ammonium sulfate is added to 0.5 satura- 
tion, and the precipitate is dissolved in half the original volume 
of 0.05 m phosphate, pH 6.8; the pH is then adjusted to 4.5 with 
1 Nacetic acid. The precipitate is redissolved in half the original 
volume, and the pH carefully adjusted to 7.5 with dilute KOH; 
0.7 ml of 2% protamine sulfate is added per 100 mg of protein, 
and the precipitate discarded. In order to remove more of the 
inactive material, the pale yellow supernatant fluid is passed at a 
rate of 200 to 300 ml per hour through a 25 X 2 em DEAE-cellu- 
lose column (40) that has been washed with 2 liters of 0.01 m 
phosphate, pH 7.2. After passage through the column, the en- 
zyme is adsorbed on 1.5 mg of calcium phosphate gel (41) per mg 
of protein, and is eluted twice with 0.3 m phosphate, pH 7.5. 
The combined eluates are dialyzed for 18 hours against 50 vol- 
umes of 0.01 m phosphate buffer pH 7.2, and 2.5 X 10-3 m Ver- 
sene with two changes of buffer. The calcium phosphate gel 
step removes most of the myokinase. 

The fraction is then lyophilized, dissolved in a small volume of 
water, and dialyzed against 0.01 m phosphate pH 7.2, for 12 
hours. The concentrated solution, approximately 5 ml, is again 
passed over a DEAE-cellulose column 15 X 1 cm, followed by 
elution with 0.01 m phosphate pH 7.2, at a flow rate of 8 to 15 
ml per hour. The activity appears with the initial protein peak 
in the first 75 ce of eluate. The combined eluate is again ad- 
sorbed on calcium phosphate gel, with the use of 1 mg of gel per 
1 mg of protein, and is eluted as before. The eluates are dialyzed 
against 0.01 m phosphate pH 7.2, and 2.5 X 10-* m Versene for 
12 hours, and are then lyophilized. 

As a final step, starch electrophoresis according to Kunkel (42) 
is used. The lyophilized fraction is dissolved in 0.5 to 1.5 ml of 
H.O, and is dialyzed against: 0.075 m Tris, pH 8.1; 0.015 m 
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TABLE I 
Fractionation of brewers’ yeast protein phosphokinase 





| | 














Fraction Protein Specific Purification | Yield 
ow mg | % 
Original extract 396 ,000 0.17 1.0 (100 
(NH4)2804 0-50% 51,000 0.81 4.9 | 62.5 
pH 4.5 precipitate 25,800 0.92 S.8 | 38.5 
Protamine supernatant 7,050 3.5 252 | B76 
DEAE-cellulose filtrate 2,520 9.2 55.5 | 35.0 
First calcium phosphate 1,115 15.0 90.0 21.8 

adsorption | 
DEAE-cellulose chromato- 108 80.4 480.0 13.3 
graphy 
Second calcium phosphate 40 | 108.0 643.0 | 8.7 
adsorption | 
Starch electrophoresis 5.2| 260-558 1530-3300 2.4 





K:HPO,; 0.025 m Versene; and 0.0005 m glutathione, which is 
the buffer used for electrophoresis. The enzyme is placed on a 
30 X 5 X 1 em block halfway between the anode and the cath- 
ode. As shown in Fig. 1, the enzyme moves toward the anode, 
and most of the impurities go toward the cathode. This rather 
highly purified enzyme fraction is stable for several months in 
dilute phosphate solution at —10°. A summary of the frac- 
tionation procedure is given in Table I. 


RESULTS 


General Properties of Transfer Enzymes—As shown in Fig. 2, 
inorganic phosphate rather strongly inhibited the yeast enzyme, 
but the brain enzyme was stimulated optimally by approxi- 
mately 0.1 m phosphate. A dependence on Mg**, indicated al- 
ready by Burnett and Kennedy (20), was confirmed. Other di- 
valent ions, such as Mn*+, Cot+, Fe++, Zn*+, and Cu** were 
found to inhibit at concentrations of 1-2 x 10-* mM. Enzyme 
activity was not affected by sulfhydryl reagents; preincubation 
with, or reaction in, 5 X 10-* p-chloromercuribenzoate or 1 x 
10-2 m iodoacetamide had no inhibitory effects. 

Phosphorylation of Phosvitin—Our main purpose was to ex- 
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Fic. 2. Effect of inorganic phosphate on brain and yeast protein 
phosphokinase. The system contained: 1 umole ATP®?; 2 mg 20% 
dephosphorylated phosvitin; 5 umoles Mg**; 50 wmoles of Tris, 
pH 7.5; and phosphate buffer pH 7.5, in a total volume of 1 ml. 
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plore reversibility, and it was important that we find the best 
conditions for phosphorylation and charging of phosvitin with 
radioactive phosphate. It was to be expected that dephospho- 
rylated phosphoprotein, dephosvitin, would be a better substrate 
for phosphorylation. The best acceptor preparations were ob- 
tained by partial dephosphorylation with phosphoprotein phos- 
phatase. Fig. 3 illustrates that the rate of rephosphorylation 
was optimal after 10 to 50% dephosphorylation; with more ex- 
treme dephosphorylation the protein became increasingly inac- 
tive as an acceptor. Highly dephosphorylated phosvitin became 
less soluble and its inactivity might, in part at least, be due to 
this. Fig. 3 also shows a rapid loss of transfer and exchange 
from exposure to alkali. 

In most of the work to be discussed, between 10 to 50% de- 
phosphorylated phosvitin was used. Easily measurable amounts 
of phosphate were transferred to such preparations (Table IT). 
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Fic. 3. Phosphate acceptor function of enzymatic and alkali 
dephosphorylated phosvitin. Variously dephosphorylated phos- 
vitin was prepared either by incubation with spleen protein phos- 
phatase, or with 0.15 N NaOH at 37°. The phosphatase reaction, 
which was quite linear and released about 20% phosphate per 
hour, was run in 0.1 M acetate, pH 5.5, with 0.001 m thioglycolate. 
Dilute alkali also linearly released phosphate, about 5% per hour. 
For measuring phosphorylation, 0.5 to 1.0 mg dephosvitin was 
incubated at 37° for 30 minutes with: 1 umole ATP®, specific 
activity 2.5 X 10‘ c.p.m. per umole; acid-labile phosphate; 1 mg 
pigeon brain phosphokinase; 50 wmoles Tris, pH 7.5; and 5 umoles 
Mg**. The proteins were isolated by trichloroacetic acid precipi- 
tation, washed three times, and counted in a thin window Geiger- 
Miiller counter. 


TaBLeE II 
Phosphorylation of dephosvitin 

Duplicate incubations were carried out for 2 hours at 37°. The 
mixtures contained: ATP, corresponding to 4.1 wmoles of acid- 
labile phosphate; 55% dephosphorylated phosvitin in 0.05 m 
phosphate buffer, pH 7.5; 0.05 m MgCl.; and 500 ug of calf brain 
phosphokinase. After trichloroacetic acid precipitatfon at 4°, 
alkali-labile phosphate was measured in the three-times washed 
precipitate. 
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TaB_e III 
Acid stability and alkali lability of phosvitin-P 

The enzymatically-labeled phosvitin-P*? was reisolated by 
trichloroacetic acid precipitation, washed three times, and exten- 
sively dialyzed. It was then treated with normal acid and alkali. 
The inorganic P* released was extracted with isobutanol-benzene 
as the molybdate complex after 1 wmole of carrier phosphate had 
been added. The extracts were dried and counted in a thin 
window Geiger-Miiller counter. 





P22 released 





c.p.m. 
1 nN NaOH 100°, 10 minutes............. 735 
1 n HCl ee 30 
CO ERR her eer 9 





TABLE IV 
Phosphate transfer from phosvitin to ADP 

System No. 1. Phosvitin-P*®, containing 1.5 X 105 ¢.p.m. and 
1.4 ymoles of phosphate, was incubated at 37° for 120 minutes 
with: 1.5 mg yeast protein phosphokinase, specific activity 1.5; 
2.5 umoles ADP; 5 umoles Mg**; and 40 uwmoles Tris-imidazole 
buffer pH 6.5, in a final volume of 1.0 ml. Glucose, 100 umoles, 
and 20 wg of crystalline hexokinase were used. 

System No. 2. Phosvitin-P*, containing 5 X 10‘ c.p.m. and 
3.3 umoles of phosphate, was incubated at 37° for 120 minutes 
with: 5 mg crude brain protein phosphokinase, specific activity 
0.3; 1 umole ADP; 5 uymoles MgCl.; 50 ymoles Tris buffer pH 7.4; 
and 100 wmoles NaF in a final volume of 2.0 ml. Glucose, 100 
umoles, and 25 wg of hexokinase were used. 

The reaction was stopped with cold 10% trichloroacetic acid 
and the supernatant solution shaken with charcoal. After wash- 
ing three times with 0.1 m acetate buffer pH 5.5, the charcoal was 
boiled for 10 minutes in 1 n HCl, centrifuged, and the supernatant 
fluid, together with another charcoal wash, was dried and counted 
with a Geiger-Miiller thin window counter. An aliquot of tri- 
chloroacetic acid supernatant fluid was extracted with isobutanol- 
benzene to remove phosphate, and was counted. The counts in 
this supernatant fluid represent glucose 6-phosphate, but small 
amounts of nontrichloroacetic acid-precipitable labeled material 
may be released during incubation, presumably by proteolysis. 





af:P-B-4 | charcoal 

No Enzyme Phosphate acceptor on Reg 
charcoal — AM wo 

(ATP phate) 

1 Yeast, S.A. 1.5 None 96 27 
ADP 15,600 | 2,440 

ADP + hexokinase 180 | 27,000 

2 | Brain, 8.A. 0.3 None 76 | 38 
ADP 2,627 | 20 


ADP + hexokinase 313 | 3,520 


If radioactive ATP was used, the newly incorporated radioactive 
phosphate displayed the expected instability to alkali and relative 
stability to acid (Table ITI). 

Phosphate Transfer from Phosvitin to ADP—For a study of the 
reverse reaction, radioactively marked phosvitin was isolated as 
described in ‘Experimental,’ and was used for the experiments 
presented in Table IV. With both brain and yeast enzymes, 
ADP accepted phosphate to form ATP or, in the presence of 
hexokinase and glucose, glucose 6-phosphate. The higher trans- 
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fer with the yeast enzyme corresponds approximately to the 
higher specific activity. The amount of phosphate reverting to 
ADP was relatively little enhanced by the addition of hexokinase- 
glucose as a phosphate trap. Paper electrophoresis of the 
charcoal eluate further identified the radioactive phosphate 
as reverting to ATP (Fig. 4). Radioactivity and ultraviolet 
quenching overlapped in the spot corresponding to ATP; a little 
radioactivity also found its way into ADP, presumably through 
myokinase. 

pH Optima for Forward and Reverse Reaction—Assuming a pK, 
for phosvitin of approximately 6, in the phosphate transfer from 
ATP to dephosvitin a hydrogen ion would be liberated above 
pH 7 and consumed in the reverse phosphate transfer from phos- 
vitin to ADP: 


ATP~‘ + dephosvitin = ADP-* + phosvitin-? + H+ 


Thus, the reaction from left to right should be favored by a lower 
hydrogen ion concentration, whereas the reversal should be 
prompted by a higher one. As shown in Fig. 5, accordingly, for 
ATP + dephosvitin a rather broad optimum was found in the 
alkaline region, whereas the reversal, phosvitin + ADP, shows 
a fairly sharp optimum on the more acid side. Therefore, experi- 
ments emphasizing the reverse effect were done at a more acid 
pH; the forward reaction was carried out in an alkaline region. 
Stoichiometry of Reverse Reaction, and Exploration of Equilib- 
rium Conditions—The stoichiometry of the transfer of protein 
phosphate to ADP can be most easily studied by trapping the 
phosphate in glucose 6-phosphate by way of hexokinase. In 
Table V, disappearance of alkali-labile phosphate is compared 
with the formation of glucose 6-phosphate, and a good corre- 
spondence between these two values is found. In view of the 
relative ease with which the reverse reaction occurs, even without 
phosphate trapping, we hoped to obtain a fair estimate of the 
equilibrium point and, thereby, of the level of the phosphoryl 
potential in phosphoprotein. With this purpose in mind, a 
rather highly purified protein phosphokinase, free of disturbing 
enzymes such as myokinase or ATPase, was prepared from yeast. 
Our efforts to obtain accurate equilibrium data were defeated, 
however, by the apparent inhomogeneity of phosvitin-phosphate 
with regard to equilibrium with ATP. Fig. 6 compares radio- 
activity transfer with glucose 6-phosphate formation. Specific 
activities of the acceptor and donor molecules are compared in 
Fig. 7; they indicate a preferential transfer of radioactive, or 
newly introduced phosphate. In contrast, a homogeneous phos- 





— [> O O 
AMP ADP ATP 
| Charcoal @ ° 
. eluate O 0 © 
Fic. 4. Paper electrophoresis of products of reaction of phos- 


vitin-P*2 with ADP. Incubation conditions were the same as 
those in Fig. 5 for assaying the reverse reaction. The nucleotides 
in the trichloroacetic acid supernatant fluid were adsorbed on 
charcoal and eluted with 50% ethanol, 0.5% NH;. An aliquot of 
the concentrated eluate was electrophoresed for 15 hours at 250 
volts in 0.05 m citrate, pH 3.8. Shading indicates radioactivity. 
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Fig. 5. Protein phosphokinase pH optima for forward and 
reverse reaction. Assay of the forward reaction: the mixture con- 
tained 40 umoles of Tris-imidazole-acetate buffer at the desired 
pH; 5 umoles Mg**; 1.6 umoles ATP* containing 4.2 X 10? c.p.m. 
per umole of acid-labile phosphate; 5 mg 50% dephosphophosvitin ; 
and 50 wg of brain phosphokinase, specific activity 4. The phos- 
vitin was isolated and counted as described in ‘‘Experimental.”’ 
Assay of the reverse reaction: in addition to buffer and Mg**, the 
mixture consisted of 2 umoles ADP; 30% dephosphophosvitin-P* 
containing 1.6 umoles of alkali-labile phosphate and 3.4 x 10‘ 
c.p.m.; and 250 wg of brain phosphokinase. The reaction was 
stopped with cold 10% trichloroacetic acid after 60 minutes of 
incubation at 37°. ATP®? was adsorbed on charcoal (25), washed 
three times, and an aliquot of the supernatant fluid was counted 
after boiling in normal HCl for 10 minutes. The pH was measured 
at the completion of the reaction. 


TABLE V 
Stoichiometry of transfer of phosvitin phosphate to ADP 

The 1.0-ml reaction mixtures contained phosvitin and 1.05 
umoles alkali-labile phosphate, 30 uwmoles Tris-imidazole buffer 
pH 5.9, 5 umoles Mg**, 2.5 uymoles ADP, 100 umoles glucose, and 
20 ug crystalline hexokinase; 90 ug of yeast protein phosphokinase 
were added at 0 and again at 120 minutes, temperature 37°. Al- 
kali-labile phosphate and glucose 6-phosphate were determined 
as described in ‘‘Experimental.’’ 








Time Phosvitin —Agmole PO, Glucose-6-PO.« formed 
min pmoles 
30 0.057 0.050 
120 | 0.137 0.135 
240 | 0.260 0.229 





phate population with constant radioactivity (Fig. 8) is liberated 
on hydrolysis by protein phosphatase. The protein phospho- 
kinase, therefore, is discriminating, and rejects certain phosphate 
sites in favor of others. The hydrolytic enzyme, however, is not 
selective. 

The best enzyme preparation was used for long term equilibra- 
tion of radioactive phosvitin, and a mixture of ATP and ADP. 
In these experiments, the phosvitin again behaved as if only a 
part of its phosphate established equilibrium. In one experi- 
ment, for example, after 6 hours and several additions of fresh 
enzyme, as shown in Fig. 9, the specific activity of ATP had be- 
come constant at a level about 6 times higher than that of phos- 
vitin. From these experiments the impression may be gained 
that the active sites on the protein eventually come to an equilib- 
rium with the ADP-ATP system. Analytically, the changes in 
ATP and in phosvitin are small, and the assays are not too re- 
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liable. Nevertheless, analytical data are presented in Table VI 
and were used for a preliminary estimate of the equilibrium con- 
stant. In spite of the preliminary character of such estimates, 
one may conclude that the average phosphoryl] potential of phos- 
vitin (—AF of hydrolysis) cannot be more than 1.5 kilocalories 
below that of ATP. For the most reactive sites it is probably 
nearer to that of ATP; this is also indicated by the rather small 
effect of phosphate trapping. 

Substrate Specificity—With whole mitochondria, Burnett and 
Kennedy (20) tested a large number of proteins as phosphate 
acceptors; they found only casein, and possibly ovalbumin, to be 
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Fic. 6. Preferential transfer of labeled phosphate from phos- 
vitin-P® to an ADP-hexokinase-glucose system forming glucose- 
6-P#O,. One milliliter of reaction mixture contained: 0.9 mg 
phosvitin-P*, specific activity 2.9 X 10‘ c.p.m. per wmole PO,; 
3.5 umoles ADP; 50 umoles Tris-imidazole buffer, pH 6.3; 5 wmoles 
Mg**; 100 umoles glucose; and 10 wg of crystalline hexokinase. 
At the times indicated by arrows, 20 wg of purified yeast phospho- 
kinase, specific activity 250, were added. Phosvitin was isolated 
by trichloroacetic acid precipitation, and measured for radioactiv- 
ity and alkali-labile phosphate content. Glucose 6-phosphate 
content was determined enzymatically, with the use of an aliquot 
of the incubation mixture that had been inactivated by boiling 
for 3 minutes rather than by the addition of trichloroacetic acid. 
The radioactivity present after trichloroacetic acid precipitation 
and Norit adsorption was attributed to glucose 6-phosphate. 
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active. With the purified yeast protein phosphokinase, we found 
phosvitin, casein, and peptides derived from both, to be acceptors 
from ATP. Hexokinase and ribonuclease, chymotrypsin, tryp- 
sin, pepsin, and beef serum albumin were found to be inactive 
even when ATP®* of as high a specific activity as 2 X 10° c.p.m. 
per umole was used. It is of particular interest that protein 
phosphokinase (Table VII) could not reactivate muscle phos- 
phorylase b. Furthermore, phosphorylase b phosphokinase (33, 
34) did not significantly catalyze a transfer of phosphate from 
ATP to dephosvitin; the small P* incorporation into phosvitin 
with large amounts of phosphorylase 6 kinase probably has no 
significance because of a likely contamination by protein phos- 
phokinase in the relatively crude preparation. 

Intactness of the protein molecule is not necessary for the phos- 
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TaBLe VI 
Equilibrium data 
No. | Assay time | ATP ADP — _— Keq* 
1. | Initial | 0.01 | 4.50 | 1.54 | 1.88t 
After 6 hrs 0.06 | 4.48 1.50 | 1.93 58 
2. | Initial 0.28 | 2.99 | 1.60 | 1.95 
| After 6 hrs | 0.14 | 3.10 | 1.75 | 1.80 22 














‘ 
* Capp x Caephosvitin 


Cate x Coyhosvitin 
t Calculated for 55% dephosphorylated phosvitin (used in both 
experiments). The procedure is described in the legend of Fig. 9. 









































TaBLeE VII 
100 Phosphate transfer by phosphorylase b kinase and protein 
bi , phosphokinase to phosphorylase b and phosphoprotein 
80+ Enzymes and substrates were incubated for 15 minutes at 37°. 
The mixtures contained: 1.2 umoles of ATP*, specific activity 
a 6.5 X 10% c.p.m. per uwmoles of acid-labile phosphate; 5 umoles 
60+ of Mg**; 50 umoles of Tris buffer, pH 7.5, in a final volume of 1.0 
Per cent cpm in Pi ml. The proteins were precipitated with 10% trichloroacetic 
Piandcpm - acid, washed 5 times, and counted after drying in a Geiger-Miiller 
released 40+ LPi thin window counter. 
is c.p.m. 
Enzyme ug Substrate mg incor- 
20 | porated 
a - stcimamsiatigiiigribaeniniaaiins = a 
, Phosphorylase 6 kinase 28 | Phosphorylase 6 | 3.5 | 1635 
1 tt tt} ttt Yeast protein phospho- | 3.5 | Phosphorylase b | 3.5 37 
0 2. © © 8 ® Siti | 
Minutes Trichloroacetic acid zero | Phosphorylase b | 3.5 29 
Fic. 8. Comparison of release of radioactivity and of inorganic ¥ time ; i Ais m 
phosphate from phosvitin-P® by spleen protein phosphatase. Phosphorylase > kinase | 28 | Phosvitin 1.5) 4 
The reaction medium contained per ml: 1 mg intact phosvitin-P%; | Yeast protein phospho- 1.75 | Phosvitin 1.5 | 2240 
100 uwmoles acetate buffer, pH 5.8; 1 umole of thioglycolic acid; kinase 
and 0.8 mg spleen protein phosphatase. After precipitation of | Trichloroacetic acid zero | Phosvitin 1.5 27 
phosvitin with 10% trichloroacetic acid, the inorganic phosphate time | 
and the radioactivity in the supernatant fluid were measured. | 
“a pn 
xj0™ . 
fo in ATP cpm in ATP 
0.06- 40F o—— 
| 
0.05 + \umoles ATP ={100 
30 F a 
0.04 o, = 80 
NID teint ad rer ae nf 
0.03F 20F 460 cpm x10 
4 moles ATP 
or 
0.02 + | 40 phosvitin PO, 
10 F 4 
0.01 F ; oA. Phosvitin 72 
te ee Lenn nmanancnnnn=— @------------- > 
L = t ! t 1 
60 120 180 240 300 360 
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Fig. 9. Estimation of equilibrium of protein phosphokinase reaction. 


Initial reactants are 55% dephosphorylated phosvitin labeled 


enzymatically with P®, and containing: 1.54 wmoles phosphate; 4.5 umoles ADP; 5 umoles Mg**; and 40 umoles Tris-imidazole buffer, 
pH 6.3. At each time point indicated by arrows, 20 ug of purified yeast enzyme, specific activity 250, were added. At intervals, ali- 
quots were taken for alkali-labile phosphate, and for ADP and ATP analysis as described in “Experimental.” 
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TaB_Le VIII 
Phosphorylation of casein peptides 

B-Casein phosphopeptone (35) containing 14 uwmoles of phos- 
phate, and casein peptide (nitrogen to phosphate ratio 3.65) (36) 
containing 8.5 wmoles of phosphate, were incubated at 37° for 2 
hours with: 20 ug purified yeast protein phosphokinase; 0.5 uzmoles 
ATP®, specific activity 1 X 10° c.p.m. per umole acid-labile phos- 
phate; 10 zmoles Mg**; and 100 wmoles Tris buffer, pH 7.5, in a 
final volume of 2.0 ml. 

After boiling, the peptides were allowed to react with 2,4- 
dinitrofluorobenzene, with the use of NaHCO; in 66% ethanol 
(45). Free 2,4-dinitrofluorobenzene was extracted with ether, 
and the DNP-peptides were isolated by butanol extraction. A 
portion of the DNP-8-casein phosphopeptone derivative remained 
insoluble in the butanol aqueous layers. Ascending chroma- 
tography with isobutanol, formic acid, and H.O (70:15:15) com- 
bined with radioautography, showed the radioactivity to coincide 
with the yellow spots caused by DNP-peptides. These chroma- 
tograms indicate an inhomogeneity of the peptide fraction (N:P 
3.65), and 5 different labeled spots are present. Relative sub- 
strate efficiency or degree of P®* transfer cannot be gauged from 
this experiment because the nonquantitative extraction by 
butanol of the DNP-derivatives varied with different peptide 
substrates. 





| Amino acid 





c.p.m. in 
residues DNP-peptide 
— | - — 
8-Phosphopeptone (N:P 6.9). . 24 99 ,000 
Peptide (cE BOB)... 5.0.05 12 | 50,800 
Control, no enzyme........... 3,500 





phokinase reaction. A transfer of P® from ATP® to casein- 
derived phosphopeptones with 12 to 24 amino acids (35, 36) is 
shown in Table VIII. The assay procedure was modified for this 
purpose and is described in the legend. Fragments of phosvitin 
also retained some ability to accept and donate phosphate; these 
fragments were obtained by tryptic and chymotryptic digestion, 
and were dialyzable and perchloric acid-soluble. 

Free serine was not phosphorylated, nor did the addition of cold 
phosphoserine to an enzyme system equilibrating ATP® and 
phosvitin cause an isotope dilution. Therefore, it is concluded 
that the enzyme does not transfer to free serine, or from serine 
phosphate to ADP. 


COMMENTS 


The results of this study indicate a particular enzymatic speci- 
ficity for the site of phosphate binding in classical phosphopro- 
teins. We are led to this conclusion because the phosphate- 
accepting serine sites in phosphorylase b and in hexokinase (2) 
would not respond to this kinase. Moreover, the reactive serine 
in chymotrypsin, and other enzymes that act as acyl acceptors, 
does not respond either. It seems, therefore, that a general reac- 
tivity of a serine site in an enzyme does not make it reactive with 
protein phosphokinase. On the other hand, intactness of the 
large molecule is not necessary, for rather small fragments con- 
sisting of not more than 13 to 15 amino acids retain activity. 

Williams and Sanger (43) recently reported that phosphoserine 
is found in phosvitin and casein in blocks of four or more in a row, 
and suggested that these blocks may represent a specific struc- 
ture. One is led to suspect, therefore, that it may be this situa- 
tion that is responsive to protein phosphokinase. The fact that 
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complete dephosphorylation appears to abolish the acceptor func- 
tion may indicate that such serine blocks act as acceptors only 
if they are partially dephosphorylated. Such a condition may 
also explain the observed inhomogeneity of the phosphate donor 
function in phosphoprotein. 

The wide distribution in a great variety of cells of an enzyme 
with the discussed specificity indicates that this type of phos- 
phoprotein has a general metabolic role. At first sight, the fast 
metabolic turnover of protein-bound serine phosphate might in- 
cline one to identify this fraction with the serine sites in phos- 
photransferases, which are expected to turn over rapidly. The 
observations reported here, however, make phosphotransferases 
improbable as general acceptors of phosphate transferred by this 
enzyme. It seems more likely that structures containing the 
serine-phosphoserine blocks found by Williams and Sanger (43) 
in classical phosphoproteins should also be the active sites in 
cellular metabolism. 

The relatively easy reversibility of phosphate transfer between 
phosphoprotein and ADP shows that the phosphoryl potential 
in phosphoprotein is quite high. This may be contrasted with 
the observation by Krebs et al. (44) that the reaction between 
ATP and phosphorylase 6 is irreversible. This presents another 
reason why the specificity of serine sites in phosphotransferases 
and hydrolytic enzymes should not correspond too closely with 
that in phosphoproteins such as phosvitin or casein. 


SUMMARY 


Hen’s yolk protein, phosvitin, reacts with protein phospho- 
kinase. Partially dephosphorylated phosvitin is more reactive 
than intact phosvitin. Spleen protein phosphatase was used for 
dephosphorylation. Radioactive phosvitin was prepared by the 
use of radioactive adenosine triphosphate (ATP) and enzymatic 
rephosphorylation. 

With radioactive phosvitin as phosphate donor, the reversi- 
bility of the reaction between phosphoprotein and ATP is dem- 
onstrated. The enzymatic phosphate transfer from phosvitin to 
adenosine diphosphate can also be followed analytically. The 
experiments indicate an inhomogeneous reactivity of phosphate 
sites in rephosphorylated phosvitin. 

Attempts were made to determine the equilibrium constant of 
the reaction between ATP and phosphoprotein, and figures of the 
order of 20 to 50 were obtained for the equilibrium constant of 
the forward reaction. In view of the inhomogeneity of the pro- 
tein-bound phosphate, however, these may be considered pre- 
liminary. Nevertheless, they indicate the thermodynamic po- 
tential of phosphoryl in phosvitin to be not far below that in 
ATP. 

Phosphorylase b, hexokinase, chymotrypsin, and trypsin were 
found to be inactive as phosphate acceptors in the protein phos- 
phokinase system. Hydrolysis products of phosvitin and of 
casein retained reactivity. Protein phosphokinase, from calf 
brain and from yeast had a similar specificity. The yeast en- 
zyme was purified, and preparations were obtained that were free 
of myokinase and ATPase. 
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In the preceding communication (1) the absorption spectra of 
the azo derivatives of tyrosine and histidine were described. 

In this paper these spectra have been used to measure the 
formation of azotyrosyl and azohistidyl residues in various azo- 
proteins. 


METHODS 


Diazotization and Coupling with Proteins—Diazotization of 
arsanilic acid was carried out as described previously (1). The 
diazo reagent was stable for at least 5 hours at 5°. In most of 
the experiments the amount of diazo reagent added was equiva- 
lent to the quantity of tyrosine and histidine in the protein as 
given by Tristram (2). The initial protein concentration was 
10 mg per ml, or in the experiments with pepsin, 5 mg per ml. 
The reactions were carried out at the pH’s recorded later in the 
paper, in Tables III to VII. The buffers used were: 0.1 m so- 
dium acetate, pH 7.0; 0.1 m NaHCOs, pH 8.0; 0.01 m sodium 
tetraborate, pH 9.0; 0.1 m NazCO;, pH 10. The diazo arsanilic 
acid was added over a period of 15 minutes, with constant stir- 
ring, to the protein solution in an ice bath. During the addition 
the pH was measured with a glass electrode at about 10°; 0.2 n 
NaOH was used to maintain the desired pH. Coupling was 
allowed to proceed at about 5° for 4 hours. At the end of this 
time the solutions were adjusted to pH 7 with 0.2 n HCl, the 
reaction carried out at pH 7 was lowered to pH 6.5. The reac- 
tion mixtures were dialyzed against 0.1 m NaCl (at pH 7 to 7.5) 
as recommended by Gelewitz et al. (3) for the most effective 
removal of reversibly bound dye. The solutions were dialyzed 
at 5° with constant stirring for at least 7 days with daily changes 
of the dialysis fluid; the last change was distilled water. No 
dye or ultraviolet-absorbing material was noticeable after the 
third day. The recoveries of protein nitrogen ranged from 95 
to 100%. The azoprotein solutions were stored at —20°. 

Acetylation of Bovine Serum Albumin—In order to block the 
éamino groups of lysine, BSA! was acetylated with acetic an- 
hydride in one-half saturated sodium acetate at 0° as described 
by Fraenkel-Conrat, et al. (4); 3 ml of acetic anhydride were 
added in small aliquots to 1 g of BSA in 20 ml of half-saturated 
sodium acetate over a period of 80 minutes. The pH falls to 5.0 
at the end and the acetylated protein was collected by precipita- 


* This work was supported by Research Grant E-1543 from the 
National Institutes of Health. 
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' BSA is bovine serum albumin. 


tion at pH 4.0 (5). The acetylated BSA was redissolved at pH 
8 and dialyzed against water at 5° for 24 hours. A small quan- 
tity of insoluble material was removed by filtration; about 90% 
of the protein was recovered. Analysis for free amino groups 
by the ninhydrin method of Harding and McLean (6) showed 
that 87% of the BSA amino groups (87AcBSA) had been ace- 
tylated (or 52 of the 60 lysine residues (2)). It was possible to 
increase the extent of the acetylation by carrying out the reac- 
tion at about pH 8 (7) with the same quantities of reactants and 
maintaining the pH with 1 n NaOH. The acetylated BSA was 
collected in 90% yield as before. In this way it was possible to 
acetylate 98% of the free amino groups (98AcBSA). It was 
also found that acetylation of the phenolic groups of tyrosine 
had occurred under these conditions. Of the tyrosyl groups (15 
of the 19 residues (2)), 83% appeared to be acetylated as shown 
with the Folin-Ciocalteu reagent (8) as judged by the “pH 8, 
pH 11” method of Herriott (9). No acetylation of tyrosine 
was observed for the 87AcBSA. All the protein preparations 
were stored at —20°. 

Analytical Methods—Protein nitrogen was determined by the 
micro-Kjeldahl procedure. Arsenic was determined by the 
colorimetric molybdenum blue method of Sandell (10). For 
the arsenic determinations the proteins, 5 to 10 mg, were di- 
gested with a mixture of sulfuric, perchloric, and nitric acids 
(1:0.2:1); 1 ml quantities of nitric acid were added about five 
times throughout the course of the digestion (10). Spectro- 
photometric measurements were made with the Beckman DU 
spectrophotometer. 

The azoproteins were hydrolyzed proteolytically by incuba- 
tion at 37° at pH 8, in 0.5 m potassium phosphate buffer for 16 
to 20 hours with a mixture of trypsin and chymotrypsin at a 
substrate to enzyme ratio of about 15 to 1 (mole per mole). 

Materials—Crystalline bovine serum albumin was a product 
of Armour and Company; ovalbumin, 2 times crystallized, was 
purchased from the Nutritional Biochemicals Corporation; 
pepsin, trypsin, and chymotrypsin, all twice crystallized, were 
obtained from Worthington Biochemical Corporation. The 
pepsin was inactivated (11) by rapidly dissolving 500 mg in 25 
ml of dilute NaOH at pH 11 and keeping the mixture at room 
temperature for 30 minutes. The pepsin solution was adjusted 
to pH 8 and dialyzed against water for 2 days at 5°. 


RESULTS 

Since the absorption spectra for azotyrosine and azohistidine 
overlap (1), it is necessary to set up a simultaneous equation in 
order to determine each of these derivatives in an azoprotein 
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The molar extinction coefficients of the azo compounds at 460 
my and 500 my in 0.1 N NaOH are given in Table I. These 
wave lengths were chosen to diminish the error resulting from 
the contribution to the absorbancy from the derivative formed 
by coupling with the e-amino group of lysine (the e-aminocaproic 


TABLE I 


Molar extinction coefficients at 460 and 500 mu for various azo 
derivatives in alkaline solution (0.1 n NaOH) 





| ¢ based on arsenic 


Azoderivative my atoms per mole 





Mono(p-azobenzenearsonic acid)- 460 9,600 
N-chloroacetyltyrosine 500 10,500 
Mono(p-azobenzenearsonic acid) - 460 16,500 
N-acetylhistidine 500 2,650 
Bis(p-azobenzenearsonic acid diazo)- | 460 1,650 
€-aminocaproic acid 500 130 
Mono(p-azobenzenesulfonic acid)- 460 9,800 
N-chloroacetyltyrosine 500 10,900 
Mono(p-azobenzenesulfonic acid)- 460 18,700 
N-acetylhistidine 500 4,000 
Mono(p-azobenzoic acid)- 460 9,200 
N-chloroacetyltyrosine | 500 10,200 
Mono(p-azobenzoic acid)- 460 17,700 
N-acetylhistidine 500 3,550 





TaB_e II 
Spectrophotometric determination of mono(p-azobenzenearsonic 
acid)-N-acetylhistidine and mono(p-azobenzenearsonic acid)- 
N-chloroacetyltyrosine in known mizture 





Actual composition Composition found 











Monoazo-'- | Monoazo-N- Monoazo-N- | Monoazo-N- 

acetylhistidine chloroacetyltyrosine acetylhistidine | chloroacetyltyrosine 
pmole/ml pmole/ml pmole/ml pmole/ml 
0.0200 0.0200 0.0192 0.0206 
0.0100 0.0200 0.0103 0.0198 
0.0100 0.0400 0.0107 0.0392 
0.0200 0.0100 0.0200 0.0103 
0.0400 0.0100 0.0400 0.0106 

TaB_e III 


Coupling of diazotized arsanilic acid with tyrosine and histidine in 
bovine serum albumin 

An amount of diazo reagent (5.4 ml of 0.01 m solution) equiva- 
lent of the quantity of tyrosine and histidine in the protein was 
added to 100 mg of BSA in 10 ml of solution. In the last experi- 
ment 5.4 ml of 0.05 m diazo reagent were added. BSA, molecular 
weight 69,000, contains 19 tyrosine residues and 18 histidine 
residues (2). 





| Lrotal arsenic in 
| Azohistidine 


Coupling pH Arsenic Azotyrosine azotyrosine and 
azohistidine 
paw shies =) ees aw) Seen = tr a Se eereeeee 
atoms /mole moles/mole | moles/mole | oO, 
protean protein protein oat 
7 2.8 0.83 0.35 42 
55 5.2 1.24 0.76 39 
9 6.5 158 | 1.38 | 46 
10 9.5 2.40 2.07 | 47 
9 29.0 13.90 3.58 60 
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TaBLe IV 
Coupling with N-acetyl-BSA ; 87% of 
protein amino groups acetylated 
The same quantities of reactants as given in Table III were 
used. The molecular weight of the 87AcBSA is taken as 71,000. 





| is |Total arsenic in 
Azohistidine |azotyrosine and 
| azohistidine 


Coupling pH Azotyrosine 


atoms /mole moles /mole moles/mole | o 

protein protein protein | ’ 

7 2.8 1.24 0.43 | 60 
8 8.1 2.35 1.28 | 45 
9 12.5 5.70 3.14 | 71 
10 17.1 8.40 4.00 | 73 


acid derivative in Table 1). This compound exhibits relatively 
low extinctions at the wave lengths given. The molar extine- 
tions for the azo derivatives formed with sulfanilic acid and 
p-aminobenzoic acid are also included in Table I. 

The amount of azotyrosine and azohistidine in an azoprotein 
formed by coupling with diazotized arsanilic acid was deter- 
mined from the following simultaneous equation: 


16.50X + 9.60Y = Absorbancy at 460 my in 0.1 n NaOH 
2.65X + 10.50Y = Absorbancy at 500 my in 0.1 n NaOH 


where X : 
y 





umoles monoazohistidine per ml 
umoles monoazotyrosine per ml 


ll 


The solutions of the azoproteins follow Beer’s law. Table II 
shows the results obtained when the above equation is used to 
calculate known amounts of azohistidine and azotyrosine in a 
mixture. The results with BSA are given in Table III. Of the 
original amount of diazonium salt added 16% is bound at pH 9 
and 36% at pH 10. It can be seen from Table III that about 
50% of the total arsenic in azo-BSA can be attributed to azo- 
tyrosine and azohistidine. The azo derivatives can be deter- 
mined directly from the absorbancy of the intact azoproteins, 
since little change in the extinctions was observed at 460 mu 
and 500 my after proteolytic breakdown, in the presence of a mix- 
ture of chymotrypsin and trypsin, to fragments completely 
soluble in 5% trichloroacetic acid. No significant formation of 
bisazotyrosine (12) was observed in the experiments listed. As 
the degree of coupling is increased above 29 atoms per mole 
protein some “bis’’-coupling with tyrosine appears to take place 
as estimated from the increased extinction above 540 my (1). 
For example when BSA containing 45 atoms of arsenic is pre- 
pared about 10% of the arsenic content can be attributed to 
bisazotyrosine. The quantities of arsenic in the azoproteins in 
Table III include the range found to be optimal for the produc- 
tion of specifically precipitable antibodies against the haptenic 
p-azobenzenearsonic acid group, that is 9 to 18 atoms arsenic 
per mole protein (13). 

The results with 87AcBSA are given in Table IV. When 
coupling is carried out at pH 9 and 10 a marked increase in the 
total protein bound arsenic is observed over that found with 
BSA (Table III). As can be seen from Tables III and IV the 
increased recoveries of the arsenic as azotyrosyl and azohistidyl 
residues in 87AcBSA is due to increased coupling with tyrosine 
and histidine. In both series of experiments, at pH 9 and 10, 
the amount of arsenic combined in linkages other than azotyro- 
sine and azohistidine remains almost the same. 

The results shown in Table V are obtained when 98% of the 
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free amino groups and 83% of the phenolic groups of BSA are 
acetylated. Azotyrosine and azohistidine acount for 90% (93% 
and 92% were obtained in two other experiments) of the total 
arsenic when coupling is carried out at pH 9 with about one- 
half as much tyrosine reacting as found with 87AcBSA. At 
pH 10 the O-acetyltyrosyl groups are labile and the degree of 
coupling with tyrosine approaches that for 87AcBSA. With 
both of the acetylated protein preparations almost equal amounts 
of histidine react at the pH’s studied. 

The results with ovalbumin are given in Table VI and show a 
somewhat higher percentage of the total arsenic in azotyrosine 


TABLE V 
Coupling with N-acetyl-BSA ; 98% of protein amino groups and 838% 
of phenolic groups acetylated 


See legend, Table IV. The molecular weight of the 98AcBSA 
is taken as 72,000. 























Total arsenic in 
Coupling pH Arsenic Azotyrosine Azohistidine |azotyrosine and 
azohistidine 
i atoms; mole moles /mole moles /mole o 
protein protein protein . 
7 1.15 0.32 0.50 71 
8 4.75 1.10 1.30 51 
9 6.26 2.74 2.90 90 
10 13.90 7.50 3.74 81 
TABLE VI 


Coupling with ovalbumin 


The reaction mixture contained 100 mg of protein, 10 ml of 
buffer solution, and 3.6 ml of 0.01 m diazotized arsanilic acid (the 
amount equivalent to the tyrosine and histidine in the protein). 
Ovalbumin, molecular weight 44,000, contains 9 tyrosine residues 
and 7 histidine residues (2). 





| a 
Total arsenic in 




















Coupling pH Arsenic Azotyrosine Azohistidine jazotyrosine and 
azohistidine 
7 " atoms /mole moles/mole moles /mole oO sa 
protein protein protein 7 
7 0.93 0.49 0.084 61 
8 3.20 0.91 0.29 38 
9 4.00 1.50 0.41 48 
10 4.00 1.67 0.55 56 
TaBLe VII 


Coupling with alkali inactivated pepsin 
The reaction mixture contained 50 mg of protein, 10 ml of 
buffer solution, and 2.7 ml of 0.01 m diazotized arsanilic acid 
(equivalent to the tyrosine and histidine in the protein). Pepsin, 
molecular weight 34,000; contains 16 tyrosine residues and 2 
histidine residues (2). 























Total arsenic in 
Coupling pH Arsenic Azotyrosine Azohistidine |azotyrosine and 
azohistidine 
atoms/mole moles/mole moles/mole a] o 
protein protein protein ' 
7 3.6 1.79 0.18 55 
8 ene 2.90 0.43 43 
9 8.1 4.90 0.52 67 
10 10.1 5.44 0.49 59 
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and azohistidine at pH 7 and pH 10 than with BSA (see Table 
II). 

It was of interest to carry out the coupling reaction with in- 
activated pepsin, since this protein is high in tyrosine (16 resi- 
dues) and low in histidine (2 residues), and lysine (2 residues) 
(2). Under the conditions of the experiment when coupling is 
carried out at pH 7, 9, or 10, about 10 times as much azotyro- 
sine is formed as azohistidine (see Table VII). At these pH’s 
higher percentages of the arsenic are accounted for by azotyro- 
sine and azohistidine than in BSA. 


DISCUSSION 


According to Gelewitz et al. (3) the azo group accounts for 
about 33% of the protein bound arsenic in bovine serum albumin 
that has been coupled with diazotized arsanilic acid. In their 
study the azo-BSA preparations contained quantities of arsenic 
ranging from 3.8 to 26.8 atoms per mole protein and the azo 
group was determined by titration with titanous chloride in 
strong acid solution. They suggested that coupling with the 
€-amino group of lysine could explain the extra arsenic in the 
azo-BSA; the resulting pentazene structure would escape detec- 
tion in the titanous chloride titration, since it decomposes in 
acid solution (3). From the results, given here with BSA, and 
BSA in which the ¢-amino group has been blocked by acetyla- 
tion, it can be seen that the e-amino group does bind appreci- 
able quantities of the diazonium compound. Therefore the 
protein bound arsenic is almost exclusively combined with tyro- 
syl, histidyl, and lysyl residues in BSA, particularly when the 
coupling reaction is carried out at pH 9. 

At the present time no explanation can be given for the re- 
sults observed when coupling is carried out at pH 8. At this 
pH, no matter what the degree of acetylation (see Tables III, 
IV, and V), only about 50% of the bound arsenic can be at- 
tributed to azotyrosine and azohistidine. This may be due to 
some nonspecific irreversible adsorption of the organic ar- 
senic on the protein. The result may also reflect a relatively 
greater degree of coupling at pH 8 with other amino acid 
residues such as tryptophan and arginine (12). 


SUMMARY 


A spectrophotometric study has been made of the coupling 
of diazotized arsanilic acid with various proteins. 

The quantities of azotyrosyl and azohistidyl residues have 
been determined and compared with the total amount of arsenic 
bound by the azoproteins. 

With bovine serum albumin it is found that azotyrosine and 
azohistidine account for about 50% of the protein bound arsenic. 

When the e-amino groups of bovine serum albumin are blocked 
by acetylation, practically all the bound arsenic is found as 
azotyrosine and azohistidine. These results demonstrate that 
the e-amino groups bind appreciable quantities of the diazonium 
compound. The exclusion of these groups by acetylation per- 
mits the preparation of better defined azoproteins than was 
hitherto feasible. 
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The purpose of the present study was to investigate factors 
which govern the urinary excretion of taurine. This problem 
arose in the course of earlier work concerned with biochemical 
individuality (la), which showed that remarkable strain and 
individual variations existed in the concentration of taurine in 
rat urine (2, 3). Similar strain differences in taurine concen- 
trations in mouse urine were described somewhat later (4). It 
was therefore considered of interest to learn more about the 
nature of the probable locus of this variation, 7.e. the properties 
of the tubular reabsorption mechanism for taurine. 

The method employed (5-8) involved the administration of 
a given amino acid and subsequent observation of the amino 
acids excreted in the urine. The compounds resulting from the 
intermediary metabolism of the administered amino acid, if any, 
were disregarded. The effects observed under such conditions 
were then interpreted in terms of a possible common reabsorp- 
tive mechanism in the renal tubule for the administered amino 
acid and for those amino acids excreted in large quantity. This 
method was employed in the mouse with subsequent determi- 
nation, in particular, of the concentration of taurine in the 
urine by chemical, spectrophotometric means. The results dem- 
onstrated that the administration of certain amino acids, par- 
ticularly the @-amino acids, caused an increase in taurine 
concentration in the urine, and of the total amount of this 
substance excreted in the urine. 


EXPERIMENTAL 


Methods and Materials 


Male mice weighing approximately 25 g and of four different 
strains, C3H, C57 black, DBA, and Bagg albino/c, were used. 
Most of these were 3 to 6 months of age, although one group 
was 6 to 8 months old. The amino acids used were obtained 
from reliable sources. Many of these compounds were ana- 
lyzed for nitrogen and the optical rotations were determined 
in numerous instances. After recrystallization, dl-8-pheny|-8- 
alanine apparently slowly decomposed, and theoretical analyti- 
cal values were not obtained. Therefore, this compound was 
freshly recrystallized before use. 

Collection of Samples—In general, 0.4 mmole of a given amino 
acid was dissolved in 0.4 ml of distilled water and the solution 
was adjusted to neutrality as necessary. With sparingly solu- 
ble amino acids, the volume was increased. Several amino 
acids of low solubility, such as L-aspartie acid, dl-8-phenyl-8- 


* A preliminary report of a portion of this work has been pre- 
sented (1). 


alanine, and L-phenylalanine were suspended in water and in 
jected with a large gauge needle. The intraperitoneal injec- 
tion was performed immediately after the mouse had urinated- 
and the mouse was kept in a metabolic cage under fasting con- 
ditions but with access to water. The volume of the urine 
samples and the time when the samples were passed were re- 
corded. Amino acids were administered only once to any given 
mouse. 

Chromatographic Materials and Technique—A 25-ul sample of 
urine was applied to Whatman No. 1 filter paper, size 13 x 
13 inches, which was developed by the ascending technique of 
Williams and Kirby (9) in one or two dimensions. The sol- 
vent systems used for amino acids (10) were: (a) lutidine, water 
(65:35 by volume); (b) phenol saturated with water at room 
temperature; (c) isobutyric acid, acetic acid, water (80:20:20); 
(d) formic acid, tert-butyl alcohol, water (15:70:15); (e) acetic 
acid, n-butanol, water (20:80:20). For dinitrophenyl-amino 
acids (11), the systems used were: (a) toluene, chloroethanol, 
pyridine, 0.8 n NH; (5:3:1.5:3); (6) 1.5 m phosphate (pH 6). 

The amino acids were detected by dipping the paper in a 
0.5% solution of ninhydrin in acetone. The o-phthalaldehyde 
test (12) was used at times to identify taurine. To locate 
amino acids on a two-dimensional paper chromatogram before 
the elution of one or more of these compounds, the chromato- 
gram was heated in an oven at 105° for 15 minutes; then, the 
amino acid areas could be seen as bright fluorescent spots under 
ultraviolet light (13). In general, representative two-dimen- 
sional paper chromatograms were obtained for all samples of 
urine, both from fasting animals and from mice after amino 
acid administration, and the reaction with ninhydrin was used 
to allow visual estimates of taurine levels, as well as estimates 
of the concentration of other ninhydrin-positive constituents in 
the urine. 

Quantitative Taurine Determination—Four 25-ul aliquots of 
urine were applied to a sheet of Whatman No. 1 filter paper 
(8 X 22 inches), 20 wg of taurine being applied to the first 
spot in addition to the urine sample. The paper was then de- 
veloped in the isobutyric acid solvent system by the descending 
technique. The half of the chromatogram containing the 
added taurine was treated with ninhydrin in order to indicate 
the location of the taurine area on the other portion. Dowex 
50 (hydrogen form) columns, 1 cm in diameter, were poured 
to a height of 5 cm and the eluate from the paper strip con- 
taining unchanged taurine was applied to the top of the column. 
Water was added and 5 ml of effluent were collected as suggested 
by Awapara (14). The effluent was evaporated to 1 ml and 
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the quantity of amino acid present was determined by a nin- 
hydrin colorimetric procedure (15). An average color factor 
for taurine of 0.90 was determined by experiment, the optical 
density being measured at 570 mu on a Coleman model 14 
spectrophotometer. Controls consisted of known quantities of 
taurine which were run through the entire procedure in every 
determination. The deviation from the computed value was 
15% or less. 

Tests for Proteinuria and Glycosuria—Heller’s nitric acid test, 
performed in a pipette, was used to test for proteinuria. A 
certain amount of protein was normally present in the mouse 
urine (16). The test for glycosuria used paper strips impreg- 
nated with glucose oxidase, horse-radish peroxidase, and o-toli- 
dine, the latter as indicator (Clinistix, Ames Company, Inc.) 
(17). Control experiments were carried out at intervals to 
ensure that mouse urine did not contain inhibitors of these en- 
zymes. 

Miscellaneous—The dinitropheny] derivative of authentic tau- 
rine and of taurine excreted in the urine were prepared according 
to the general procedure of Sanger (18). The authentic dinitro- 
phenyl-taurine melted at 229-230° (19). 


RESULTS 


After a given amino acid was injected into a mouse, the urine 
was collected, and an aliquot was chromatographed. It was 
apparent that one compound, which when treated with nin- 
hydrin appeared as Spot A, was present in increased amount 
in many instances, e.g. Fig. 1. 

Identification of Taurine in Urine—When £-alanine and dl- 
8-aminoisobutyric acid were administered, the compound which 
formed Spot A was identified as taurine. This product was 
eluted from several paper chromatograms, and authentic taurine 
was cochromatographed with the eluate on two-dimensional 
paper chromatograms with phenol and then lutidine as devel- 
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Fic. 1. Two-dimensional paper chromatograms of aliquots from 
mouse urine before (fasting) and after administration of 0.4 
mmole of 8-alanine intraperitoneally. Areas of color develop- 
ment after application of ninhydrin are indicated. The origin is 
designated by the circle at the lower left corner in both instances. 
The chromatograms have been interrupted in the 2,6-lutidine: 
H.O dimension and Ry, scales substituted: A, area suggesting 
taurine excretion; B, so-called nephrosis peptide (?); C, B-alanine. 
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Fic. 2. Effect of administration of 0.4 mmole of dl-8-amino-n- 
butyric acid (O) and 0.4 mmole of L-threonine (X) on the con- 
centration of urinary taurine in the mouse. The dashed lines 
indicate concentration of taurine in fasting urine. The solid lines 
indicate taurine concentration in urine after intraperitoneal ad- 
ministration of amino acid. Time of latter event is indicated by 
the arrow at the second zero time. For §-amino-n-butyric acid, 
use the left ordinate scale; for threonine, use the right ordinate 
scale; ordinate scales are in terms of ug of taurine/0.1 ml. of urine. 


oping solvents. Subsequently, only one ninhydrin-positive area 
was detectable. On unidimensional chromatograms, with formic 
or acetic acid solvent systems as developing agents, the two 
compounds had identical Ry values. The substance was stable 
(a) to boiling with 6 n hydrochloric acid for 15 hours, and (6) 
to treatment with concentrated nitric acid. The dinitrophenyl 
derivative was synthesized and was chromatographed together 
with authentic dinitrophenyl-taurine unidimensionally on paper, 
with toluene and phosphate buffer as developing solvents. The 
Ry values of the two compounds were identical (0.31 in the 
toluene system and 0.41 in phosphate buffer). 

Measurement of Urinary Taurine Concentration after Amino 
Acid Administration—When the excretion of taurine was ex- 
amined at short time intervals, the peak excretion occurred 
within approximately 2 hours after the administration of the 
amino acids, followed by a rapid fall to essentially normal levels 
by 4 to 6 hours (Fig. 2). After administration of dl-8-amino- 
n-butyric acid, the taurine increment was 30-fold; however, 
after L-threonine injection, the increment in taurine concentra- 
tion was slight (Fig. 2). 

Representative additional data regarding the concentration 
of taurine in urine after administration of selected amino acids 
are recorded in Table I.!. For each amino acid listed, sufficient 


1 As a control measure, two mice were sham injected with 0.4 
ml of water. Examination of the urine revealed no important 
increase in the taurine concentration. Taurine was measured in 
this instance by Dowex 50 chromatography followed by unidi- 
mensional paper chromatography in the isobutyric acid solvent 
system. The chromatogram was then treated with o-phthalalde- 
hyde. In another experiment, 0.4 mmole of taurine was admin- 
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TABLE I 
Concentration and excretion of taurine in urine after administration of a substantial amount of an amino acid to C3H mice 
Urinary taurine concentration Cumulative urinary taurine excretion 
— , Volume of 
: id® Time interval pp ge Re mag 
<a Before adminis- | Maximum after |for ae of Total after Time interval for Volume of 4 “ieiected 
tration (fasting) | administration coining administration “ae of sample intraperitoneally 
| maximum 

ug /0.1 mi ue/0.1 ml hr:min ug | hr:min ml ml 
g-Alanine 10 1400 | 0:55-3:35 1900 | 0:00-8:10 0.38 0.4 
g-Alanine® 180 1200 0:00-2:20 2700 | 0:00-12:30 1.50 0.4 
6-Alanine? 230 640 0:00-5:50 4600 | 0:00-9:45 1.20 0.4 
t-a-Amino-n-butyric acid 30 1200 0:00-1:35 1000 | 0:00-11:55 1.00 0.4 
L-a-Amino-n-butyric acid 5 1500 0:00-0:50 1100 | 0:00-12:30 1.22 0.4 
dl-8-Amino-n-butyric acid 20 | 700 _| 0:50-2:35 3500 | 0:00-9:50 2.7 0.4 

|  3800° | 0:00-13:00¢ 5.6¢ 
a-Aminoisobutyric acid? 20 560 | 1:30-2:30 | 2900 0:00-10:45 0.97 0.8 
L-Cysteic acid 30 440 | 1:30-1:55 | 3100 ‘| 0:00-10:50 1.28 1.0 
L-Asparagine 20 430 | 0:00-2:35 1100 | 0:00-10:25 0.55 0.8 
L-Histidine hydrochloride 30 420 | 1:30-3:15 2500 | 0:00-13:50 1.55 0.4 
dl-8-Aminoisobutyric acid 30 | 380 1:50-6:15 1800 | 0:00-9:05 0.67 0.4 
dl-8-Aminoisobutyric acid 20 | 300 | 1:15-2:55 710 | 0:00-10:25 0.47 0.4 
dl-8-Aminoisobutyric acid¢ 80 510 | 0:00-4:10 3200 | 0:00-7:00 0.70 0.4 
L-Citrulline 15 340 | 0:00-1:45 990 0:00-10:15 0.96 0.4 
L-Citrulline 40 180 | 1:20-2:55 670 | 0:00-8:45 0.88 0.4 
L-Phenylalanine 140 280 | 0:00-1:45 1800 |: 0:00-9:20 1.41 0.8 
dl-8-Pheny]-8-alanine 60 240 | 1:25-5:10 2200 0:00-16:05 1.18 1.0 
y-Amino-n-butyric acid 80 240 | 1:10-3:00 870 | 0:00-12:10 0.88 0.4 
L-Alanine 20 150 | 0:00-1:45 f f f 0.4 
L-Glutamine 60 130 | 0:00-2:10 f f f 0.8 
L-Arginine hydrochloride 20 90 | 0:40-1:05 580 0:00-10:35 1.60 0.4 
L-Aspartic acid 15 80 | 1:15-4:50 330 0:00-8:30 0.75 0.8 

| ge | 0:00-11:50¢ 5.55¢ 
L-Ornithine hydrochloride 30 70" | 0:00-0:30 380 0:00-10:05 1.4 0.4 

| 430° | 0:00-13:20¢ 3.5¢ 
t-Lysine hydrochloride 30 40 | 0:45-1:20 420 0:00-8:05 1.80 0.4 
L-Threonine 20 40 | 0:00-1:05 | 230 | 0:00-10:25 1.32 0.4 
5-Aminovaleric acid 40 40 | 2:50-10:05 370 , 0:00-10:05 1.0 0.4 
t-Carnosine 50 30 1:10-3:00 f f 4 0.4 








«().4 mmole injected intraperitoneally at 0:00 (hr:min). 


’ C57 black mouse. 





¢ Data are from same experiment recorded on the line above. 
40.8 mmole injected intraperitoneally. 


¢ Bagg albino/c mouse. 


‘ No quantitative determinations were made on the urine samples obtained after a time interval of about 4 hours. Aliquots from 


such samples were, however, chromatographed on paper and treated with ninhydrin. 


rine area. 


No important coloration was noted in the tau- 


° No quantitative determinations or paper chromatogram estimates were made on aliquots of urine after 8:30. However, the last 
sample so treated (4:50-8:30) contained 30 yg/0.1 ml. 


* Visual inspection of two-dimensional paper chromatogram of urine treated with ninhydrin and obtained in duplicate experiment, 


indicated this value to be low. 





data were accumulated to construct a complete curve similar 
to those in Fig. 2. The points in general fell on a smooth 
curve. The maximal urinary taurine concentration was selected 
and pertinent details are entered in the left hand columns of 
Table I. 

The amino acids are arranged in Table I in the order of their 
capacity to increase the taurine concentration in the urine. The 





istered to a mouse by intraperitoneal injection. Inspection of 
paper chromatograms treated with o-phthalaldehyde indicated 
that a greater concentration of taurine was probably present in 
such urine than was found after administration to a mouse of any 
of the listed amino acids (Table I). 


8-amino acids were found to produce increments in taurine con- 
centration greater than those observed with most ef the other 
amino acids. t-a-Amino-n-butyric acid caused excretion of tau- 
rine at the same concentration as did the administration of 8- 
alanine. tu-Cysteic acid, although eliciting a concentration peak 
at 1 hour 42 minutes, nonetheless produced a value of 300 ug 
of taurine per 0.1 ml at 9 hours in the experiment reported. 
Therefore, the enzymatic decarboxylation of cysteic acid was 
an important reason for the excretion of taurine. Of the di- 
aminomonocarboxylic acids, L-citrulline caused relatively high 
taurine excretion. The effects of the administration of y-amino- 
n-butyric acid and 6-aminovaleric acid were a modest increase 
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in taurine excretion in the former instance, and no change in 
the latter. The administration of L-carnosine demonstrated 
that 6-alanine is ineffective in causing taurine excretion when 
in the N-terminal position in a peptide, in at least one instance. 
Experiments with a different strain of mouse (C57 black) yielded 
taurine concentration values, after B-alanine administration, 
similar to those obtained with the C3H strain and also indi- 
cated the effect of poor sample timing. The maximal and mini- 
mal peak values after L-citrulline administration illustrate the 
variation frequently seen in the data of these experiments, de- 
spite the fact that all precautions were observed.” 

Measurement of Total Taurine Excretion after Amino Acid Ad- 
ministration—Data on the total taurine excretion (right hand 
columns, Table I) were computed to correct for any error caused 
by polyuria. With production of a large quantity of urine, a 
large amount of taurine could be excreted, although at low 
concentration. Neglecting values derived from noncomparable 
experiments, the following arrangement is found by listing the 
amino acids on the basis of over-all output of taurine (beginning 
with that which caused the largest and including only 10): dl- 
8-amino-n-butyric acid, L-cysteic acid, a-aminoisobutyric acid, 
L-histidine, dl-8-pheny]-8-alanine, B-alanine, L-phenylalanine, dl- 
8-aminoisobutyric acid, L-a-amino-n-butyric acid, and L-aspara- 
gine. These amino acids are identical with the 10 which caused 
the highest urinary taurine concentration, except that dl-8- 
phenyl-6-alanine replaces L-citrulline. L-a-Amino-n-butyric acid 
was not as effective in producing a high value for total taurine 
excretion as it was for producing a high concentration effect.* 

Variations occurred in the values for total taurine excretion 
in duplicate experiments, cf. the data for 8-alanine administra- 
tion to C57 black mice and the t-citrulline and 8-aminoiso- 
butyric acid values in C3H mice (Table I). 

The approximate normal volume of urine was 0.1 ml per hour 
for a C3H mouse. There appeared to be two types of poly- 
uria. One occurred from 0 to 6 hours, was relatively small in 
amount, and was characterized by clear colorless urine which 
returned to normal yellow color by 10 to 12 hours. This was 
seen after the administration of L-phenylalanine, t-histidine, 
and the diaminomonocarboxylic acids. Also, in these instances, 
when a constant quantity of urine was applied to the paper 
chromatograms, a certain unidentified ninhydrin-positive com- 
pound‘decreased in amount during the period of maximal uri- 
nary volume. The second type of polyuria occurred 8 to 10 
hours after the amino acid administration and otherwise differed 
only in being relatively large in amount. This terminal poly- 
uria had essentially no bearing on total taurine excretion data 

2 Every effort was made to guard against the most obvious 
sources of error; namely, retention of urine in the bladder at the 
time of injection of the amino acid, and of retention at subsequent 
micturitions. However, because this error could not be ruled out 
absolutely, the representative results recorded (Table I) are the 
highest values obtained for taurine concentration after the ad- 
ministration of a given amino acid. 

3 It is noted for L-a-amino-n-butyric acid that the taurine con- 
centration value is greater than the total taurine excretion (Table 
I). This is possible because the maximal taurine concentration 
figures were determined on volumes of less than 0.1 ml of urine. 
Although a minimum of 0.1 ml was required for the assay pro- 


cedure for taurine, the technique was modified in such occasional 
instances. 


* Evidence of this compound, which occupied the approximate 
chromatographic position of the so-called nephrosis peptide of 


Dent (20) (cf. Fig. 1), was found throughout the experiments 
described in this paper. 
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as the separate values (Table I) indicate for dl-8-amino-n-bu- 
tyric acid, L-aspartic acid, and L-ornithine hydrochloride. The 
cause of this effect was unknown.$ 

Inspection of Serial Two-dimensional Paper Chromatograms— 
The first and second most prominent ninhydrin-positive areas 
on the chromatograms of urine were usually the administered 
amino acid and taurine, respectively. In general the density 
and area of these spots were maximal at about 2 hours, gradually 
diminishing in amount in subsequent samples. Certain of the 
chromatograms, however, showed the above effects (unless stated 
otherwise) plus certain additional findings. 

Multiple ninhydrin-positive spots were observed on paper 
chromatograms of urine after administration of certain amino 
acids. These amino acids and the approximate number of 
additional separate ninhydrin-positive spots were: a-aminoiso- 
butyric acid, 12; L-asparagine, 12, but most marked at 10 to 
12 hours; L-phenylalanine, 6; L-arginine, 4; and L-histidine, 2 
to 4. These spots were of approximate equal intensity on the 
same chromatogram. 

Isolated large ninhydrin-positive areas® were found on two- 
dimensional chromatograms of urine after the injection of cer- 
tain ampholytes. Both 6-aminovaleric acid and L-phenylalanine 
administration resulted in the appearance of a very dense nin- 
hydrin-positive area. Each such spot occupied a position in- 
dicating a large Ry in both phenol and lutidine solvent systems.’ 
dl-8-Aminoisobutyric acid administration caused the appearance 
of a strong ninhydrin-positive area separate from the taurine 
and 6-aminoisobutyric acid. This effect will be discussed in a 
separate paper. 

Inspection of paper chromatograms treated with ninhydrin 
also revealed that certain administered amino acids did not 
appear in urine with any degree of prominence; indeed, they 
appeared at lesser strength than the taurine spot. These am- 
pholytes were L-asparagine, L-alanine and L-glutamine. Admin- 
istration of 0.4 mmole of L-a-amino-n-butyric acid caused only 
slight density in its proper chromatographic location.’ 

Paper chromatograms of urine after L-threonine administra- 
tion demonstrated a relatively small quantity of the administered 
amino acid. However, it was considerably more prominent 
than the taurine ninhydrin-positive spot. At the opposite ex- 
treme, was the L-carnosine administration experiment which 
resulted in the appearance of a massive ninhydrin-positive area, 
corresponding to this peptide, on the paper chromatograms. 

Toxic Effects—The mice showed no obvious toxic effects, ex- 


5 The mouse which received dl-8-amino-n-butyric acid had un- 
usually large fasting samples of urine. Thus, polydypsia may 
have been a factor. Or, a massive effect may have represented 
anextreme. For example, a duplicate experiment with L-aspartic 
acid yielded, at the end of 8 hours 20 minutes, 1.1 ml of urine; 
and after a total of 12 hours 35 minutes, a total volume of 2.5 ml. 
In this instance, the later samples of urine showed no significant 
amount of taurine present as determined by the o-phthalaldehyde 
test on paper chromatograms of the urine. 

6 Artifacts may produce such results (21). 

7 When phenylalanine was administered, the ninhydrin-positive 
area was separate from the spot ascribable to that ampholyte; 
furthermore, the colored area in question was considerably denser 
than, and was in addition to, the six areas mentioned in the pre- 
ceding paragraph. 

8 A speculative possibility was considered in these instances, 
i.e. the threshold for relatively complete reabsorption may be at 
the dosage employed. Therefore, the amount of taurine excreted 
in the urine may be unusually sensitive to variation in amount of 
the amino acid administered at this threshold level. 
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cept after the administration of 0.4 mmole of L-histidine hydro- 
chloride, L-a-amino-n-butyric acid, L-ornithine hydrochloride, 
and dl-8-phenyl-8-alanine. These mice were prostrated for as 
long as several hours but subsequently returned to normal ac- 
tivity. 

Generalized amino aciduria was present after administration 
of the following: a-aminoisobutyric acid, L-asparagine, probably 
t-phenylalanine, and possibly L-arginine and L-histidine hydro- 
chloride. This result indicated possibly that the kidney tubule 
was damaged. 

Every urine sample was tested for the presence of protein 
and glucose, provided sufficient volume remained after the re- 
moval of aliquots for taurine determinination and for two-di- 
mensional paper chromatography. With the following excep- 
tions, neither glycosuria nor increase in proteinuria was seen in 
any of the experimental mice. One mouse, after carnosine in- 
jection, passed two samples which demonstrated glycosuria; two 
other mice, after the administration of L-ornithine hydrochloride, 
showed a large increase in protein in all specimens. Some 
samples of urine for each given amino acid administration were 
tested except after L-glutamine, L-threonine, and dl-8-phenyl- 
8-alanine administration. The specimen which contained the 
maximal quantity of taurine was not necessarily available for 
that purpose, however. 

Biochemical Individuality and Strain Differences—The con- 
centration of taurine in urine of two strains of mice, C3H (Table 
1) and DBA, was measured. A fasting urine sample from a 
representative mouse of the DBA strain contained 36 ug of tau- 
rine per 0.1 ml. Therefore, the results in these two strains con- 
trasted with the relatively high concentrations observed in the 
urine of the C57 and the Bagg albino varieties (4, 22). The 
individual differences within the C3H strain are probably indi- 
cated in the level of taurine in the urine during fasting (Table 
I). 


DISCUSSION 


The most likely explanation of the present findings is that 
certain administered amino acids have the capacity to compete 
with taurine for cell membrane transport in the kidney tubule. 
However, the possibility also existed that other mechanisms are 
involved. For example, the administered amino acid may have 
been in competition with taurine at the cell surfaces of some 
organ other than the kidney which, ordinarily, was very active 
in the uptake of taurine from the blood stream. Another al- 
ternative is that the administered amino acid gained entrance 
to cells of organs which contained relatively large amounts of 
bound taurine. Consequently, the amino acid in relative ex- 
cess simply displaced the taurine from such intracellular binding 
sites by mass action. 

However, the most probable conclusion is that taurine in the 
mouse is readily displaced from reabsorption in the kidney tu- 
bule by certain amino acids previously administered.'° The 
evidence supporting this interpretation of the data is the ca- 
pacity to observe competitive amino acid excretion effects in 
the mouse identical to those reported in larger mammals, where 


® Awapara (23) has discussed the partition of injected taurine- 
S** in the organs of the rat. 

\0 The definitive proof of both site and specificity of the amino 
acid effects described would require serial determinations of the 
ampholytes in question, etc. in the plasma and urine, a type of 
experimentation not readily accomplished in the mouse. 
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every precaution could be taken to ensure the site of the effect. 
For example, if one administered glutamic acid to the mouse, 
a compound having the properties of aspartic acid was also ob- 
served at increased concentration in the urine just as occurred 
in careful infusions in dogs (7)." Similarly, administration of 
L-aspartic acid to a mouse caused the appearance of a ninhydrin- 
positive spot in the area of glutamic acid on paper chromato- 
grams of urine (7)." 

Previous workers found that an increase of taurine in the 
urine occurred after the administration of certain ampholytes: 
(a) (to rats) cysteic acid, cysteine, cysteine sulfinic acid and 
taurine (24); pL-ethionine (25, 26), L-lysine hydrochloride (8); 
and (6) (to humans) lysine (21) and glycine (27). Of these, 
only L-lysine hydrochloride caused a large nonmetabolic or non- 
toxic occurrence of taurine in the urine after amino acid adminis- 
tration. 

Certain past studies described two types of displacement of 
amino acids from renal tubule reabsorption. Firstly, there was 
a specific displacement whereby administration of one amino 
acid caused a considerable increase in the excretion of one or, 
at most, a very few other amino acids. This was usually in- 
terpreted to mean that these amino acids have a common site 
of cell membrane transport in the renal tubule. For example, 
cystine, arginine, ornithine and lysine are thought to be reab- 
sorbed at the same site in man (21). Secondly, a nonspecific 
type displacement was described. Kamin and Handler (7) 
found in dogs that infusion of any one of about 12 amino acids 
caused the level of threonine and histidine to increase to a 
greater extent more consistently than the other six amino acids 
measured in the urine. In mice, Goodman (22) found upon 
oral administration of amino acids, that this was true for threo- 
nine but not for histidine. 

A great number of competitive effects occur during cell mem- 
brane transport in unicellular organisms. Relevant to present 
findings, Christensen et al. (28) used mouse ascites tumor cells 
and found competition for cell membrane transport between 
B-alanine and taurine. 

Some tentative conclusions relative to the present findings 
are offered. Most probably the increases in taurine excretion 
were caused by either (a) a specific competitive reabsorption 
effect in the renal tubule; (¢’ a nonspecific interference with 
reabsorption in the kidney tubule; or (c) a toxic reaction. Cer- 
tain 8-amino acids; namely, 8-alanine, dl-8-amino-n-butyric acid, 
and dl-8-aminoisobutyric acid appeared to compete specifically 
with taurine for tubular reabsorption. On the other hand, with 
the other amino acids, which also caused excessive taurinuria, 
some sign of a toxic reaction, generalized or renal, was present. 
Thus L-phenylalanine, a-aminoisobutyric acid, L-asparagine, L- 
histidine, and dl-8-pheny]-8-alanine administration gave results 
such that it was not possible to draw conclusions relative to 
competitive tubular reabsorption effects in these instances. 
Most of the remaining amino acids caused slight displacement 
of taurine and this was probably of a nonspecific nature. Bor- 
derline between the first and third classifications was the in- 
stance of L-a-amino-n-butyric acid, administration of which ini- 
tiated a certain amount of prostration. L-Citrulline appeared 
to fall between the first and second categories. Where there 


1! Dent (8) observed excretion of high concentrations of glutamic 
and aspartic acids, respectively, after administration of sub- 
stantial amounts of L-aspartic and L-glutamic acids to the rat and 
dog, respectively. 
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was probably less reabsorption by the kidney tubule than was 
the case for amino acids in general, e.g. with the peptide (29), 
carnosine, there was no increase in taurine excretion. 


SUMMARY 


1. The intraperitoneal administration to mice of aqueous so- 
lutions of substantial amounts of certain amino acids was found 
to cause a marked increase in the concentration of taurine of 
the urine and also an increased total excretion of this compound. 

2. In general, the taurine concentration was found to reach 
a maximum within 2 hours of administration of 0.4 mmole of 
the amino acid and to return to essentially fasting levels after 
6 hours. 

3. 8-Alanine, dl-8-aminoisobutyric acid, and dl-8-amino-n-bu- 
tyric acid produced high urinary concentrations of taurine, and 
increased total urinary excretion of taurine, but caused no toxic 
reactions. The probable interpretation of this finding is that 
the high concentrations of administered B-amino acid competi- 
tively displaced taurine from its usual reabsorption sites in the 
renal tubule. It may be tentatively assumed, therefore, that 
these compounds were reabsorbed, in part at least, at the same 
locus. This is the first evidence to be presented for B-amino- 
isobutyric acid-taurine competition in cell membrane transport. 

The other 15 amino acids and one peptide administered were 
found to produce either toxic reactions, or relatively small or 
no effects upon the excretion of taurine. 
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The discovery of amino acid activation has led to an extensive 
study of the nature of this reaction. The formulation shown in 
Equation 1 is now well established as a result of studies by several 
groups of workers (1-7). 


Amino acid + ATP + activating enzyme = a) 

{amino acyl-AMP-enzyme] + PP; 
Individual activating enzymes for most of the amino acids have 
been found (8-11) and highly purified enzymes, specific for a 
single amino acid, have been isolated (3, 12, 13). 

The incorporation of amino acids into ribonucleic acid (Equa- 
tion 2) (14), which follows their initial activation, has been 
studied in several laboratories (15-17). 

[Amino acyl-AMP-enzyme] + RNA = , 
2) 
amino acid-RNA + AMP + enzyme 
The requirement for activating enzyme in the over-all reaction 
(Equations 1 and 2) has been established by the finding that 
specific activating enzymes were required for the incorporation 
into RNA of the amino acid they activated (15, 16). Other 
facets of this reaction which have been studied are the over-all 
reversibility (18), the nature of the terminal groups of the RNA 
(19), and the nature of the amino acid-RNA linkage (20). 

Purification of the activating enzymes of guinea pig liver and 
studies of the properties in relation to the incorporation of C'*- 
labeled amino acids into RNA are reported here and in the ac- 
companying paper (21). 


EXPERIMENTAL 


Materials—ATP (crystalline dipotassium) and AMP were pur- 
chased from Pabst Laboratories; crystalline RNase from Worth- 
ington Biochemical Sales Company; uniformly labeled L-leucine- 
C™, L-isoleucine-C™, t-threonine-C™, t-lysine-C™, t-tyrosine-C"™, 
L-valine-C™“, and pt-tryptophan (indolyl alanine-3-C™) from 
Nuclear-Chicago, Inc.; GSH from Schwarz Laboratories; prota- 
mine sulfate and C-amino acids from Nutritional Biochemicals 
Corporation. 

Assay Procedures—The PP; exchange assay for activating 


* Public Health Service Predoctoral Research Fellow of the Na- 
tional Cancer Institute. Supported in part by a grant to Dr. Paul 
Saltman from the United States Public Health Service. 

+ Established Investigator of the American Heart Association. 
This work was supported in part by research grants from the Na 
tional Science Foundation (No. G-4525) and from the American 
Heart Association. 


enzymes has been described previously (13, 22). The only 
change in the assay was the use of Tris buffer, pH 8.5, instead 
of glycine buffer. The PP;* used (22) contained less than 5% 
of inorganic phosphate and no polyphosphate detectable by 
chromatography (23). No incorporation of P®-inorganic phos- 
phate into ATP was catalyzed by the pH 5 enzymes. 

A unit of enzyme activity is defined as the amount of enzyme 
that catalyzes the incorporation of 1.0 umole of PP;* into ATP 
in 10 minutes in the standard exchange assay (13). Specific 
activity is given in units per milligram of protein. Protein was 
determined by light absorption as before (22), except in fractions 
with a high RNA content where the method of Lowry et al. (24) 
was used. 

The reaction mixture for amino acid incorporation into RNA 
contained approximately 0.2 to 1.0 unit of enzyme; 10 umoles 
of dipotassium ATP, adjusted to pH 7.5 with potassium hy- 
droxide; 10 uwmoles of magnesium chloride; 100 umoles of Tris 
buffer, pH 7.5; 0.025 umole of a C-amino acid; 2 yg of pyro- 
phosphatase! and water in a final volume of 1.0 ml. RNA 
prepared by a phenol method (21) was added to the reaction 
mixture when necessary. When small amounts of purified 
activating enzymes were used, 1 mg of serum albumin and 10 
umoles of GSH were added. 

After incubation for 10 minutes at 37°, the reaction mixture 
was quickly chilled, casein was added to give 15 mg of protein, 
and the ribonucleoproteins were precipitated with 8 volumes of 
3.5% trichloroacetic acid. The precipitate was washed by a 
modification of the method of Hoagland et al. (14). After wash- 
ing three times with cold 0.2 m perchloric acid, 4 ml of ethanol- 
0.2 m perchloric acid (5:1) were added. After stirring in the 
ethanol-perchloric acid, 6 ml of ether were added to reprecipitate 
protein and the mixture allowed to stand for 20 minutes. The 
precipitate was then washed once with ethanol-ether (3:1) for 
10 minutes at 60°, and finally twice with ether. The dry samples 
were plated and counted with a Nuclear Micromil window gas 
flow counter. All Camino acids, except tryptophay, were used 
at a specific activity of 7 ue per umole, equivalent to 2.25 x 10° 
¢.p.m. on our counters. pi-Tryptophan-C’ was used at a 
specific activity of 5 we per umole. 

Preparation of pH 5 Enzymes—Guinea pigs were fasted for 16 
to 18 hours, killed, and the livers quickly excised and placed in an 
ice bath. Approximately 70 g of liver were minced with scissors 
and then homogenized in 15- to 20-g portions in 2 volumes (140 


1 Crystalline yeast pyrophosphatase, kindly donated by Dr. M. 
Kunitz, Rockefeller Institute for Medical Research. 
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Fic. 1. Fractionation scheme for pH 5 enzymes. 
the fractionation are given in the text. 


Details of 


ml) of Medium A (25) for 15 to 20 seconds with a Potter-Elve- 
hjem homogenizer. The temperature was kept at 0-4° atall times 
during the preparation and fractionation of the enzymes unless 
otherwise noted. The homogenate (approximately 200 ml) was 
centrifuged at 10,000 x g for 10 minutes to remove cell debris. 
The supernatant (140 ml) was filtered through glass wool and 
centrifuged at 105,000 x g for 1 hour. The clear supernatant 
fluid (110 ml) containing the soluble cell fraction was pipetted 
out. The solution was carefully adjusted to pH 5.15 by the 
addition of N acetic acid with constant stirring. The precipitate 
was collected by centrifugation and resuspended in about 30 ml 
of 0.1 m Tris buffer, pH 7.5, with very brief homogenization. 
The solution was reprecipitated at pH 5.15 and the precipitate 
taken up in sufficient 0.1 m Tris, pH 7.5, to give a solution con- 
taining 12 mg of protein per ml (pH 5 enzymes, 54 ml). The pH 
5 enzymes were immediately fractionated as described below, or 
were stored at —15° in the presence of 0.05 m GSH and 0.005 m 
EDTA? 

Fractionation of pH & Enzymes—The fractionation scheme 
(Fig. 1) utilizes the affinity of both transfer RNA (21) and ac- 
tivating enzymes for calcium phosphate gel. Since transfer RNA 
and two of the activating enzymes (AS-1, in Fig. 1) are soluble 
in 2 m phosphate buffer, these are separated from other activating 
enzymes by the elution sequence shown. 

Eighteen milliliters (4 volume) of aged calcium phosphate gel 
(26) with a dry weight of 30 mg per ml were added to the pH 5 
enzyme solution. The mixture was stirred gently for 45 minutes, 
and then centrifuged at 3,500 x g for 10 minutes. The super- 
natant solution (gel super) was usually discarded. The pre- 
cipitated gel was then mixed with 36 ml of 2.0 mM potassium 


? The abbreviation EDTA, ethylenediaminetetraacetic acid, 
will be used. 
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phosphate buffer, pH 8.1 (3 volume). The mixture was ho- 
mogenized briefly, stirred gently over a period of 45 minutes, and 
centrifuged for 10 minutes at 10,000 x g. The supernatant 
solution was dialyzed with stirring for 18 hours against 2 changes 
of 2 liters of 0.02 m Tris buffer, pH 7.5 (Eluate 1, 55 ml). The 
precipitated gel was immediately mixed with 18 ml of 0.2 m 
potassium phosphate buffer, pH 8.1 (4 volume). The slurry was 
stirred and centrifuged as before, and the precipitated gel dis- 
carded. The supernatant can be stored at —15° (with 0.05 m 
GSH plus 0.005 m EDTA) before further fractionation (Eluate 
2, 18 ml), but was usually fractionated at once. For assay, 
aliquots were dialyzed against 2 liters of 0.02 m Tris buffer, pH 
7.5, containing 1 X 10-*m GSH and 1 x 10-*m EDTA (Tris- 
GSH-EDTA buffer). 

After dialysis, Eluate 1 was adjusted to a Tris buffer concen- 
tration of 0.12 m by the addition of 2.80 ml of 2 m Tris buffer, 
pH 7.5. The 260-my absorption was determined and protamine 
sulfate solution (10 mg per ml) was then added in small amounts. 
Aliquots were centrifuged and the 260-my absorption of the 
supernatant determined. Addition of protamine sulfate was 
continued until 85 to 90% of the 260-my absorbing material 
had precipitated. This usually required about 1.5 mg of prota- 
mine sulfate per mg of RNA. The mixture was centrifuged 
after 20 minutes and the precipitate was saved for preparation of 
transfer RNA (21). The protein of the supernatant solution 
(Super 1, 60 ml) was then precipitated by the addition of am- 
monium sulfate to 90% saturation (36.2 g). After standing for 
2 hours with occasional stirring, the precipitate was collected by 
centrifugation. The supernatant was discarded. The precipi- 
tate was dissolved in 5 ml of 0.1 m Tris buffer, pH 7.5, and dia- 
lyzed overnight against 0.02 m Tris, pH 7.5 (AS-1, 7.2 ml). 

Eluate 2 was freed of residual transfer RNA by the addition 
of protamine sulfate solution to a final concentration of 0.35 mg 
of protamine sulfate per ml. The precipitated protamine-RNA 
was discarded and the supernatant solution was dialyzed over- 
night against the Tris-GSH-EDTA buffer described above. Tris 
buffer, pH 7.5, was then added to the dialyzed enzyme so that 
the final buffer concentration was 0.12 m and the protein con- 
centration 5 mg per ml (Super 2, 22 ml). Powdered ammonium 
sulfate was added to attain 30% saturation (3.6 g), and the mix- 
ture was centrifuged after 30 minutes. The precipitate was 
discarded, and ammonium sulfate was added to bring the super- 
natant to 40% saturation (1.37 g). The mixture was centri- 
fuged after 30 minutes and the precipitated protein was dissolved 
in 5 ml of 0.1 m Tris buffer, pH 7.5, and dialyzed against the 
Tris-GSH-EDTA buffer (AS-2). Ammonium sulfate was added 
to the supernatant to attain 60% saturation (2.97 g). After 30 
minutes, the precipitated protein was collected by centrifugation, 
dissolved in 5 ml of 0.1 m Tris buffer, pH 7.5, and dialyzed against 
Tris-GSH-EDTA (AS-3). The supernatant was then taken to 
80% saturation by the further addition of ammonium sulfate 
(3.42 g). The mixture was again centrifuged after 30 minutes, 
the supernatant discarded, and the precipitated protein dissolved 
in 2 to 3 ml of 0.1 m Tris buffer, pH 7.5, and dialyzed against 
Tris-GSH-EDTA (AS-4). 


RESULTS 


Substrates of pH 5 Enzymes—The enzyme preparation cata- 
lyzed the activation of all of the common L-amino acids when 
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measured by the PP; exchange assay (Table I).2 A significant 
increase over the endogenous exchange‘ could not be consistently 
obtained with glutamine and hydroxyproline. These results are 
in agreement with previous reports using pigeon pancreas (8) 
and an Escherichia coli extract (9). In other cases it has not 
been possible to demonstrate the presence of all of the activating 
enzymes (11, 22). These discrepancies appear to be due mainly 
to the extreme lability of many of the activating enzymes (see 
below) which are inactivated during preparation or storage of 
the extract. The values shown in Table I, therefore, are minimal 
values.> In addition, some of the enzymes are active at very 
low concentrations of amino acid such as are present in the pH 5 
enzyme preparation and their activity may not be increased 
upon addition of amino acid. An example of this effect is the 
value for valine activation, which is only twice the endogenous 
exchange in the pH 5 enzymes (Table I), but values of 10 to 20 
times the endogenous exchange have been obtained in Eluate 2 
where the amino acid content is very low. Although the in- 
corporation of amino acids into the RNA of the pH 5 enzyme 
fraction is described in detail in the following paper (21), it should 
be noted that the activity shown for any of the activating en- 
zymes is probably sufficient to catalyze a maximal rate of incor- 
poration of the corresponding labeled amino acid into the RNA 
present. 

Stability of pH 5 Enzymes—Activating enzymes from guinea 
pig liver lost activity rapidly when stored at -15° or at any 
higher temperature. The values given in Table I were obtain- 
able only with freshly prepared enzymes. Some of the enzyme 
activities were decreased by as much as 75% after 24 hours of 
storage in the frozen state. In addition, a large amount of pro- 
tein was denatured and precipitated from the pH 5 enzyme solu- 
ion upon thawing. Freezing and thawing immediately did not 
decrease enzyme activity. 

Many agents were studied for protection of the enzymes 
against denaturation and inactivation. Storage in 0.05 m GSH 
containing 0.005 m EDTA was the most effective combination 
for stabilizing the activating enzymes of the pH 5 fraction. The 
stabilizing effect of enzyme storage in GSH-EDTA is shown for 
several enzymes in Table II. Lysine activation decreased 
greatly even with GSH storage. Threonine activation was in- 
hibited by storage in 0.05 m GSH, but was aided by storage in 
0.01 m GSH. Storage in GSH-EDTA did not affect the active 
RNA of the pH 5 enzyme, which could subsequently be removed 
by the usual phenol extraction (21). 

GSH-EDTA at a lower concentration, or 0.01 M cysteine, or 
0.02 m penicillamine were partially effective in stabilizing acti- 


3 Further evidence that the PP; exchange values reported for 
alanine, arginine, phenylalanine, and glutamic acid represent ‘‘ac- 
tivation’’ of these amino acids is provided by the formation of 
amino acid-RNA compounds with these amino acids in the pres- 
ence of the pH 5 enzyme fraction (21). 

‘The PP; exchange observed without addition of amino acids 
(see Table I) is termed the endogenous exchange. This reaction 
is probably amino acid activation catalyzed by endogenous amino 
acids, since it increased constantly with time, was labile to storage 
in the absence of GSH, and was inhibited by p-chloromercuriben- 
zoate as was leucine activation. Endogenous exchange was ab- 
sent in purified fractions which did not contain free amino acids. 

5 There was considerable variation in the specific activities of 
the more labile activating enzymes. For example, the specific 
activities for leucine and isoleucine varied between 0.35 to 0.70 
in various preparations of pH 5 enzymes. 
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TABLE I 
Amino acid activation by pH & enzymes* 














Amino acid | PP; exchange | Amino acid PPj exchange 
units/mg | units/mg 
Leucine. . 0.504 Asparagine........ 0.065 
Isoleucine...... 0.483 Aspartic acid...... | 0.063 
Tryptophan... 0.216 Glycine.......2:...] 0.068 
Methionine. . 0.201 | Oa eeeise es Mae 0.038 
Proline 0.145 Alanime.........4... 0.016 
Lysine. 0.100 | Arginine...........| 0.015 
Threonine. ... 0.095 Phenylalanine. .... | 0.011 
Serine. . 0.075 Glutamic acid..... | 0.007 
Histidine 0.068 | Cysteine.......... -| 0.007 
Tyrosine. . 0.053 | 


i 








* Freshly prepared pH 5 enzymes were used in each assay. 
Approximately 3 mg of enzyme were used to assay the first 6 
amino acids, and 6 mg for the others. The value in the absence 
of added amino acid (0.03 units per mg) has been subtracted from 
the values given above. The results are those of a single, typical 
preparation (see the text, footnote 4). 


vating enzymes. Other sulfhydryl-containing compounds such 
as 2-mercaptoethanol and thioglycollate were ineffective or in- 
hibitory. Storage with the following additions did not preserve 
activity: potassium borohydride, 0.01 m magnesium chloride, 
0.01 m ATP, 10 ug of vitamin Bi per ml, 0.01 m phosphate 
buffer, pH 7.5, or 5 mg per ml of serum albumin. Enzyme 
stored in 0.004 m L-leucine at —15° for 2 days retained 2.3 times 
as much activity for leucine activation as the enzyme stored in 
the absence of the amino acid. This preservation was not as 
effective as GSH-EDTA, and enzyme activity decreased much 
more rapidly during longer periods of storage. With more puri- 
fied enzyme fractions, particularly AS-2, the addition of 5 mg 
per ml of serum albumin plus GSH-EDTA provided the most 
effective stabilization. 

Properties of pH 5 Enzymes—Activity in the PP; exchange as- 
say was constant for at least 30 to 40 minutes at 37° for the pH 
5 enzymes, as found with the purified tyrosine-activating enzyme 
from hog pancreas (13). PP; exchange was proportional to en- 
zyme concentration from 0.06 to 1.5 units of activity. Figs. 2 


TABLE II 
Stability of activating enzymes 





Storage period 





j 
Amino acid | 


Frozen 1 day | Frozen 20 days 











Fresh | } 

_ No GSH | +GSH* | NoGsH | + GsH* 
a _ | 
Leucine........| 1.34 | 0.790 | 1.23 | 0.037 .| 0.591 
Isoleucine......| 1.44 | 0.734 | 1.29 0.027 | 0.746 
Tyrosine SS oe ee 0.115 | 0.200 
Tryptophan. 0.704 a oe 0.070 | 0.315 
Lysine 0.47 | — | — | 0.007 | 0.033 
Threonine. . 0.427 | 0.485 | 0.315 0.264 0.083 








* Stored in 0.05 m GSH, 0.005m EDTA. Data are PP; exchange 
in units, with the use of standard assay conditions with 3.0 mg of 
The addition of GSH had no effect on the assay 
The dashes indicate not assayed. 


pH 5 enzymes. 
of ‘‘fresh’’ pH 5 enzymes. 
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Fic. 2. Effect of ATP concentration on leucine activation. 
Standard assay conditions were used with the indicated ATP con- 
centrations and 3.0 mg of stored pH 5 enzymes. 


10 

















Ss T T T T 

= 06+ —* - 

oO met” Tl 

= O5-+ ’ 4 

3 > alll 

Z 04> "7 

3S 03+ 4 

rc) 

: 02 4 
01 4 

SZ 

— 0 | l L l 

= oO O02 05 10 


AX MOLES LEUCINE/ML. 


Fic. 3. Effect of leucine concentration on leucine activation. 
Standard assay conditions were used with the indicated leucine 
concentrations and 2.0 mg of stored pH 5 enzymes. 


and 3 show the dependence of PP; exchange upon ATP and 
leucine concentration; 10 times as much ATP as amino acid was 
needed for maximal activity. This was also found for isoleucine 
and threonine activation, and for the purified tyrosine-activating 
enzyme (13). Fractionation of the pH 5 enzymes with calcium 
phosphate gel and ammonium sulfate yielded enzyme fractions 
which were free of endogenous amino acids and did not catalyze 
PP; exchange in the absence of added amino acids. No PP; 
exchange was observed after heating the enzyme preparation at 
100° for 30 seconds. 

The pH optimum for PP; exchange showed a broad range of 
maximal activity between pH 7.5 and 9.0 with leucine, isoleucine, 
threonine, tyrosine, and lysine. Lysine activation was slightly 
higher at pH 7.5 but did not decrease greatly up to pH 8.5. 
The tyrosine-activating enzyme of hog pancreas (13) showed a 
pH optimum of 8.5, and the tryptophan-activating enzyme of 
beef pancreas (12) gave increasing activity up to pH 9 in PP; 
exchange. 


Amino Acid Incorporation. I 


Vol. 235, No. 4 


The addition of 0.1 m KCl stimulated tyrosine activation but 
either had no effect on, or slightly inhibited, the activation of 
other amino acids. Tyrosine activation was almost zero in a 
salt-free system as was found with the enzyme from hog pancreas 
(13). 

Inhibition of Enzyme Activity—PP; exchange catalyzed by the 
pH 5 enzymes was not inhibited by 10 ug of RNase per ml or by 
2 pmoles of AMP per ml, although both of these agents com- 
pletely inhibited amino acid incorporation into RNA (21). Fig. 
4 shows the effect of p-chloromercuribenzoate on leucine and 
threonine activation. The relative insensitivity of threonine 
activation to p-chloromercuribenzoate (Fig. 4, Curve 2) parallels 
the stability of the corresponding enzyme fraction to storage. 
This stability is similar to that of tyrosine activation in these 
studies and to the purified tyrosine-activating enzyme (13). 
Ata concentration of 2.5 x 10-4 m p-chloromercuribenzoate, leu- 
cine activation was inhibited 90%, and the addition of GSH 
restored complete activity (Fig. 4, Curve 1). Both enzymes 
were completely inactivated by 5 x 10-4 m p-chloromercuri- 
benzoate, which also completely inhibited amino acid incorpo- 
ration into RNA (21). lodoacetate at 5 x 10-* m inhibited 
leucine and threonine activation 25 to 35%. 

Preincubation of the pH 5 enzymes with p-chloromercuriben- 
zoate in the presence of 1 umole of leucine, or with 10 umoles of 
ATP plus 10 umoles of magnesium chloride, resulted in greatly 
decreased inhibition of leucine activation (Table III). Storage 
of the pH 5 enzyme for short periods of time in 0.004 m leucine 
also appeared to protect the enzyme partially against inactiva- 
tion, as mentioned previously. 

Enzyme Fractionation and Purification—The fractionation 
shown in Fig. 1 has given a considerable purification of several 
of the enzymes. The activating enzymes for leucine, isoleucine, 
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Fic. 4. Inhibition of pH 5 enzymes by p-chloromercuribenzoate 
(CMB). Freshly prepared pH 5 enzymes were preincubated at 
4° for 5 minutes with the indicated amounts of p-chloromercuri- 
benzoate and then assayed in the standard way. Curve 1, leucine 
activation in the presence of 0.05 m GSH. The GSH was added 
after preincubation with p-chloromercuribenzoate and the mix- 
ture was preincubated an additional 5 minutes before assay. 
Curve 2, threonine activation. Curve 3, leucine activation. 
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threonine, tyrosine, lysine, valine, and tryptophan have been 
studied in particular. The distribution and yield of the enzymes 
studied and the purifications attained are summarized in Table 
IV. The gel separation of threonine- and tyrosine-activating 
enzymes from the other enzymes was the most important step 
in obtaining these enzymes in a purified state. 

The enzyme fractions were freed of active amino acid transfer 
RNA by precipitation of the RNA with protamine sulfate. The 
protamine-RNA precipitate from Eluate 1 was then extracted 
with phenol to yield transfer RNA (21). The supernatant solu- 
tion after concentration (AS-1) usually contained 30 to 60% 
of the threonine- and tyrosine-activating enzymes (Table IV). 
Eluate 2 was fractionated to obtain leucine-, isoleucine-, lysine-, 
and tryptophan-activating enzymes. The development of this 
fractionation made it possible to recover both activating enzymes 
and transfer RNA from the same source, essentially free of con- 
tamination by the other fraction. 

The AS-1 fraction contained only tyrosine- and threonine- 
activating enzymes and was the most highly purified fraction. 
Threonine-activating enzymes had a specific activity which was 
90 to 100 times that of the pH 5 enzymes. The high over-all 
recovery of threonine-activating enzyme may represent, in part, 
removal of an inhibitor, since recoveries of more than 100% ac- 
tivity have been obtained. The 6- to 8-fold purification of the 
enzymes in AS-2 has been sufficient for studies of activating 
enzymes in relation to hemoglobin synthesis* and for the studies 
described in the next section. Further purification of activating 
enzymes, such as the lysine, leucine, and isoleucine enzymes, 
might well proceed from this fraction, whereas tryptophan-acti- 
vating enzyme was concentrated in Fraction AS-3. Fraction 
AS-4 contained small amounts of tyrosine- and threonine-activat- 
ing enzymes. The lability of these enzymes presents a problem 
which would make further purification difficult. Attempts to 
purify valine-activating enzyme, which was found in Eluate 2 in 
good yield, have been unsuccessful due to inactivation during 
further fractionation. 

Amino Acid Incorporation into RNA—The incorporation of 
amino acids into RNA has been studied with activating enzyme 
fractions in which one or more of the activating enzymes had 
been removed. These fractions catalyzed only the incorporation 
into RNA of the amino acids which they activated (Table V). 
Fraction AS-1 catalyzed the activation of tyrosine and threonine 
but did not activate leucine or isoleucine, and catalyzed the in- 
corporation of C'4-labeled tyrosine and threonine into RNA, but 
not leucine or isoleucine (Table V). Fraction AS-2 catalyzed 
the activation of leucine, isoleucine, and lysine and the incorpora- 
tion of these amino acids into RNA, but catalyzed neither the 
activation nor the incorporation of tyrosine. A trace of thre- 
onine-activating enzyme was present which resulted in a slow 
threonine incorporation. These results confirm our previous con- 
clusion (15) that the incorporation of a given amino acid into 
RNA requires the corresponding amino acid-activating enzyme. 

In the usual incorporation assay, with C'*-leucine and 30 to 
60 ug of transfer RNA, 50 ug of Fraction AS-2 were sufficient 
to saturate the RNA with amino acid in 5 minutes. With excess 
amounts of enzyme, the addition of GSH had no effect (Fig. 
5). In order to study the relationship between PP; exchange 
and amino acid-RNA formation it was necessary to use limiting 
amounts of activating enzyme. Under these conditions, the 


°R.S. Schweet, and E. H. Allen, in preparation. 
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TaBte III 
Effect of substrates on inhibition by p-chloromercuribenzoate 











Additions to preincubation mixture*® PP; exchange 

units 

None Sec ale See Cee eA EAR Tt oe 0.72 

p- -Chloromercuribenzoate FV LO BAIN 0.20 

p-Chloromercuribenzoate plus leucine. ........ 0.38 

p-Chloromercuribenzoate plus ATP, Mg**...... 0.38 
p-Chloromercuribenzoate plus leucine, ATP 

Tia MUR y so TERRE § 5 wh cet 0.45 





* The preincubation mixture contained 2.0 mg of freshly pre- 
pared pH 5 enzymes and buffer. The additions were the amounts 
used in the assay. p-Chloromercuribenzoate (0.1 umole) was 
added last and the mixture preincubated for 4 minutes at 37°. 
The mixtures were cooled to 4° and the missing constituents then 
added, and assayed as usual for leucine activation. 


TABLE IV 
Fractionation of pH & enzymes* 



































Eluate 2 [Fraction AS-2 | Fraction AS-3|Fraction AS-1 | 
F F ‘ea Dee, | Puri- 
a a er en bo 
ac. | Yield) Goo | Yield} Goo | Yield) Sco | Yield | 
tivity tivity | tivity tivity 
“a % |units/ | oy = \units/ o units / o 
| mg | mg 70 mg 70 mg 70 
Leucine | 1.02 74. 1 3. 43) 46.2) 0.64) 6.9) 0 0 6.9 
Isoleucine. .. .| 0.94) 71.2) 2.74) 38.6) 0.59) 6.6) 0 0 5.7 
Tryptophan. | 0.36) 60.6] 0.26} 8.2) 1.75] 43.7] 0 0 8.1 
Lysine he 0.18) 65. 4| 0.49) 32.9] 0.57| 31.0) 0 0 | 5.7 
Threonine....| 0.07) 25.8) 0.01) 0.7} 0.23) 13.0) 8.7 | 51.0} 92.0 
Tyrosine... .. | 0.03; 21.00 | 0 | 0.18) 18.3) 2.9 | 30.4) 55.0 
Valine....... | 0.07) 66. 9) 0 0 | 0.14! 19.9) 0 0 3.7 











* Each fraction was assayed in the standard way. The amount 
of enzyme used was approximately 1.0 unit of enzyme activity for 
the amino acid being tested. The pH 5 enzyme preparation 
shown in Table I was used for the fractionation. The values in 
the absence of added amino acids were less than 2% of those with 
amino acid. 

+ The data are the ratio of the specific activity of the best frac- 
tion to that of the pH 5 enzymes (see Table I). 


TABLE V 
Amino acid incorporation into RN A* 














Enzyme fraction C'-amino acid Incorporation 
| c.p.m. 
AS-1 | Leucine 0 
Isoleucine 0 
Threonine 530 
Tyrosine 224 
AS-2 Leucine 820 
| Isoleucine 294 
| Threonine 23 
| Tyrosine 0 
Lysine 710 
* The assay system is described in the text. Approximately 


25 wg of Fraction AS-1 or AS-2 and 100 yg of transfer RNA were 
used. No incorporation was found with enzyme alone or RNA 
alone. 
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enzyme was inactivated during the incubation. GSH plus serum 
albumin prevented this inactivation, although not completely 
(Fig. 5). Serum albumin alone was not nearly as effective as 
GSH alone, but maximal activity was obtained with both pres- 
ent. With GSH and serum albumin present it was possible to 
obtain a linear rate of leucine-RNA formation for the first 6 to 
9 minutes with limiting concentrations of activating enzyme. 
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Fic. 5. Effect of GSH on leucine-RNA formation at two levels 
of activatingenzyme. The standard incorporation assay was used 
with C'*-leucine and 48 ug of transfer RNA. Solid line, using 190 
ug of enzyme Fraction AS-2; plus 0.01 m GSH (O), minus GSH 
(A). Dashed line, using 9.5 wg of Fraction AS-2; plus 0.01 m 
GSH (@), minus GSH (xX). 
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Fic. 6. Effect of activating enzyme concentration on leucine- 
RNA formation. Standard assay conditions were used with C'- 
leucine and 80 wg of transfer RNA. Curve 1, with 25.0 ug of Frac- 
tion AS-2; Curve 2, with 10.0 ug of Fraction AS-2; Curve 3, with 5.0 
ug of Fraction AS-2. These amounts of enzyme correspond to 
0.005, 0.01, and 0.025 units of enzyme activity in a PP; exchange 
assay done under the same conditions as the incorporation assay, 
e.g. with 0.025 umole of C!*-leucine present. With this amount of 
leucine, PP; exchange is 30% of the maximal rate (see Fig. 3). 
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The initial rate of leucine-RNA formation was directly propor- 
tional to enzyme concentration (Fig. 6). The ratio of PP; ex- 
change to amino acid-RNA formation was approximately 50 for 
leucine. At the lowest concentration the enzyme was inacti- 
vated before RNA saturation was reached. It should be noted 
than an amount of activating enzyme, which still gives a sub- 
stantial rate of leucine-RNA formation (0.01 to 0.03 unit), may 
be too small to be detected in the PP; exchange assay, especially 
in crude enzyme systems. The values shown were obtained 
from PP; exchange assays at 10 to 20 times the enzyme concen- 
trations used for incorporation (Fig. 6). 


DISCUSSION 


The demonstration that most of the common amino acids can 
be activated in a single tissue, as measured by PP; exchange, 
supports the hypothesis that this reaction may be the first step 
in protein synthesis (27). The lability of these enzymes may 
explain some reports where a complete complement of activat- 
ing enzymes could not be demonstrated. However, the activa- 
tion of an amino acid by a different mechanism has been reported 
(28). Activating enzymes for the amino acids studied have very 
similar properties, as evidenced by loss of activity on storage, 
pH optimum, inhibition by p-chloromercuribenzoate, protection 
by GSH, and affinity for substrates. A mechanism of action 
involving essential thiol groups is indicated for most activating 
enzymes. 

The tyrosine- and threonine-activating enzymes differed from 
others studied, because they were much more stable on storage 
and p-chloromercuribenzoate effected less inhibition. These en- 
zymes also had a higher solubility in ammonium sulfate and 
potassium phosphate. The basis for this difference is not known, 
but may be of importance in the understanding of the speci- 
ficity of the activating enzymes in their reaction with amino 
acid-specific fractions of transfer RNA (29). 

These studies have shown the need for a specific activating 
enzyme to catalyze the formation of the corresponding amino 
acid-RNA. Low concentrations of the purified threonine-acti- 
vating enzyme catalyze the rapid incorporation of C'*-threonine 
into RNA. The possibility that enzymes in addition to the 
activating enzyme may be acting in amino acid-RNA formation 
has not been completely excluded. Further enzyme purification 
will be needed to settle this question, although no evidence in 
favor of this possibility has been found in these studies. 


SUMMARY 


A study of amino acid activation in guinea pig liver has shown 
that all of the common amino acids were activated as measured 
by PP; exchange. The inactivation on storage of most of these 
enzymatic activities was partially prevented by the use of re- 
duced glutathione. A fractionation scheme for obtaining sepa- 
ration of active ribonucleic acid and various activating enzymes 
has been described. Threonine-activating enzyme was purified 
100-fold compared to its specific activity in the pH 5 enzyme 
fraction. The requirement for amino acid activation in order 
to obtain incorporation into ribonucleic acid was demonstrated 
with specific activating enzyme fractions and some aspects of the 
latter reaction were reported. 


Acknowledgments—We wish to thank Dr. Paul Saltman for 
encouragement and continued interest in this work, and Mrs. 
Agnes Gara for valuable technical assistance. 





YUM 


0. 4 


opor- 
- ex- 
0 for 
1acti- 
10ted 

sub- 

may 
cially 
ained 


hneen- 


S can 
ange, 

step 

may 
‘ivat- 
‘tiva- 
orted 
very 
rage, 
ction 
ction 
ating 


from 
orage 
e en- 
and 
Own, 
peci- 
mino 


ating 
mino 
-acti- 
onine 
» the 
ation 
ation 
ce in 


hown 
sured 
these 
of re- 
sepa- 
ymes 
rified 
zyme 
order 
rated 
of the 


n for 
Mrs. 





April 1960 


ne 


or 


~I 


REFERENCES 


. HoaGuanp, M. B., Biochim. et Biophys. Acta, 16, 288 (1955). 
. DeMoss, J. A., GENuTH, S. M., AND NovE.Lu1, G. D., Proc. 


Natl. Acad. Sci. U. S., 42, 325 (1956). 


. Bera, P., J. Am. Chem. Soc., 77, 3163 (1955); J. Biol. Chem., 


222, 1025 (1956). 


. HoAGLanD, M. B., Zamecnik, P. C., SHaron, N., LIpMANN, 


F., StuLtBerG, M. P., anv Boyer, P. D., Biochim. et Bio- 
phys. Acta, 26, 215 (1957). 


. WIELAND, T., NIEMANN, E., AND PFLEIDERER, G., Angew. 


Chem., 68, 305 (1956). 


. Karasek, M., CastTe_rranco, P., Krishnaswamy, P. R., 


AND MEIsTER, A., J. Am. Chem. Soc., 80, 2335 (1958). 


. Kinepon, H. S., Wesster, L. T., ano Davig, E. W., Proc. 


Natl. Acad. Sci. U. S., 44, 757 (1958). 


. LipMANN, F., Proc. Natl. Acad. Sci. U. S., 44, 67 (1958). 
. NisMANN, B., BERGMANN, F. H., anp Bere, P., Biochim. et 


phys. Acta, 26, 639 (1957). 


. CuarK, J. M., Jr., J. Biol. Chem., 233, 421 (1958). 
. Novetu, G. D., Proc. Natl. Acad. Sci. U. S., 44, 86 (1958). 
. Davis, E. W., KoNINGSBERGER, V. V., AND LIPMANN, F., Arch. 


Biochem. Biophys., 65, 21 (1956). 


. ScHWEET, R. S., anp ALLEN, E. H., J. Biol. Chem., 233, 1104 


(1958). 


. HoaGLanp, M. B., ZAMEcNIK, P. C., AND STEPHENSON, M. L., 


Biochim. et Biophys. Acta, 24, 215 (1957). 


. ScHwEET, R. S., Bovarp, F. C., ALLEN, E., AND GLASSMAN, 


E., Proc. Natl. Acad. Sci. U. S., 44, 173 (1958). 


E. H. Allen, E. Glassman, 


16. 


_ 
~J 


19. 


21. 


22. 


24. 


25. 


and R. S. Schweet 1067 


BERG, P., AND OFENGAND, E. J., Proc. Natl. Acad. Sci. U. S., 
44, 78 (1958). 


. Ocata, K., AnD Nouwara, H., Biochim. et Biophys. Acta, 25, 


659 (1957). 


. GuassMAN, E., ALLEN, E. H., anp ScuweEet, R. S., J. Am. 


Chem. Soc., 80, 4427 (1958). 
Hecut, L. I., StepHenson, M. L., anp ZaMEcNIK, P. C., Bio- 
chim. et Biophys. Acta, 29, 460 (1958). 


. ZacHau, H. G., Acs, G., AnD LipMann, F., Proc. Natl. Acad. 


Sci. U. S., 44, 885 (1958). 

ALLEN, E. H., GuassMAN, E., Corpss, E., anp ScHWEET, R. 
S., J. Biol. Chem., 235, 1068 (1960). 

ScuweEet, R. 8., Hottey, R. W., anp ALLEN, E. H., Arch. 
Biochem. Biophys., 71, 311 (1957). 


. BanpursKI, R. S., aNnp AXELROAD, B., J. Biol. Chem., 193, 


405 (1951). 

Lowry, O. H., Rosesprovaeu, N. J., Farr, A. L., anD RANDALL, 
R. J., J. Biol. Chem., 198, 265 (1951). 

KELLER, E. B., anD ZAMECNIK, P. C., J. Biol. Chem., 221, 45 
(1956). 


. Srincer, T. P., anp Kearney, E. B., Arch. Biochem: Biophys., 


29, 190 (1950). 


. HoaGianp, M. B., Kevuer, E. B., anp ZAMECNIK, P. C., J. 


Biol. Chem., 218, 345 (1956). 


. Cormier, M. J., SruLBEeRG, M. P., anp NoveEtu, G. D., Bio- 


chim. et Biophys. Acta, 33, 261 (1959). 


. Smitu, K., Corves, E., anp SCHWEET, R., Biochim. et Biophys. 


Acta, 33, 286 (1959). 








Tue JouRNAL or BioLoGcicaL CHEMISTRY 
Vol. 235, No. 4, April 1960 
Printed in U.S.A. 


Incorporation of Amino Acids into Ribonucleic Acid 
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The incorporation of amino acids into ribonucleic acid involves 
the over-all reaction shown below. The role of activating en- 
zymes in Reaction 1 and a brief review of pertinent studies has 


Amino acid + ATP + RNA= 


amino acid-RNA + AMP + PP, “ 


been given in the previous paper (1). General aspects of the 
over-all reaction and properties of the ribonucleic acid which 
participates in amino acid incorporation will be presented here. 


EXPERIMENTAL 


Nucleosides, nucleotides, nucleoside diphosphates and tri- 
phosphates were obtained from Pabst Laboratories. ATP-8-C" 
(218 c.p.m. per mumole) was obtained from Schwarz Labora- 
tories. Uniformly labeled t-arginine-C™, L-alanine-C™, L-glu- 
tamic acid-C™, ut-phenylalanine-C", and glycine-C™ were ob- 
tained from Nuclear-Chicago Corporation. Other materials 
have been described (1). 

The assay procedures and enzyme fractions used have been 
described (1). C'-ATP incorporation into RNA was determined 
with the same incubation mixture used for amino acid incorpora- 
tion into RNA, except that 0.001 m C'-ATP and C-amino acid 
were used and pyrophosphatase was omitted. The radioactivity 
in the RNA was determined as described for amino acid incor- 
poration. 

The base composition of RNA was determined by chromatog- 
raphy on Dowex 1-formate ion exchange columns. The RNA 
sample was hydrolyzed in 0.3 N potassium hydroxide at 37° for 
18 hours, neutralized with perchloric acid, and the salt removed 
by centrifugation at 4°. Nucleotides and other components were 
eluted with formic acid and ammonium formate buffers (2). 
After the nucleotide peaks were eluted, elution with 1 n hydro- 
chloric acid gave an additional fraction. The contents of each 
peak were concentrated and desalted with Norit A as described 
by Tsuboi and Price (3). The identity of each compound was 
established by paper chromatography in at least 2 different sol- 
vents (4), paper electrophoresis in 0.05 m ammonium formate 
buffer, pH 3.6, and comparison of its absorption spectrum with 
authentic compounds. 


* Public Health Service Predoctoral Research Fellow of the 
National Cancer Institute. Supported in part by a grant to Dr. 
Paul Saltman from the United States Public Health Service. 

+ Established Investigator of the American Heart Association. 
This work was supported in part by research grants from the Na- 
tional Science Foundation (No. G-4525) and from the American 
Heart Association. 


The RNA content of solutions containing protein was de- 
termined by an orcinol method (5). With isolated RNA, the 
optical density at 260 my in 0.02 m Tris buffer, pH 7.5, with the 
value E}”, = 230, was used for quantitative estimation. Phos- 
phate was determined by the method of Dryer et al. (6). 

RNA Preparation—The “pH 5 RNA” was obtained from the 
pH 5 enzyme fraction by the procedure described below. Ap- 
proximately 50 ml of pH 5 enzyme (1) were brought to a con- 
centration of 0.02 m phosphate by the addition of 1.0 m phosphate 
buffer, pH 6.5. The temperature was kept at 4° unless other- 
wise noted. An equal volume of 90% phenol (7, 8) was added 
and the solution was shaken vigorously in a mechanical shaker 
for 1 hour. The emulsion was centrifuged at 10,000 x g for 10 
minutes and the aqueous (upper) layer removed with a syringe. 
The phenol layer was mixed thoroughly with a volume of water 
equal to the original solution of pH 5 enzymes and, after centrifu- 
gation, the upper layer was removed and combined with the first 
aqueous layer. To the solution was added 0.1 volume of 20% 
potassium acetate and the pH adjusted to 5.5 to 6.0. Two vol- 
umes of cold ethanol were added and the solution allowed to 
stand for at least 1 hour and sometimes overnight. The pre- 
cipitate was collected by centrifugation at 10,000 x g for 10 
minutes, dissolved in 5 ml of water, and dialyzed overnight 
against 2 changes of 2 liters each of 0.02 m Tris buffer, pH 7.5. 

The “transfer RNA” was prepared from the protamine pre- 
cipitate of Eluate 1 (1). The precipitate of protamine-RNA was 
dissolved by homogenization in 5 to 10 ml of 1 m potassium phos- 
phate buffer, pH 6.5. The solution was shaken with 90% phenol 
as described above. After centrifugation, the aqueous layer 
(which is the lower layer due to the density of the phosphate 
solution) was removed. The phenol layer was then re-extracted 
with water as described above, the aqueous (upper) layer re- 
moved and combined with the previous one. The combined 
solutions were dialyzed for 3 to 4 hours against 4 liters of 0.02 
m Tris buffer, pH 7.5, after which potassium acetate was added 
and the RNA recovered by ethanol precipitation and dialysis as 
described above. ‘Preincubated RNA” was prepared from the 
pH 5 enzyme fraction essentially as described by Hecht et al. (9). 


RESULTS 


Assay Conditions—The assay procedure for amino acid in- 
corporation into RNA was developed primarily to measure the 
amount of active RNA, and therefore other constituents were 
present in excess. In early studies, the pH 5 enzyme fraction, 
which contains RNA, was used without separation of RNA and 
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Fic. 1. Effect of C'-amino acid concentration on amino acid- 
RNA formation. Standard assay conditions with the indicated 
amounts of C'*-amino acid were used. For C'*-leucine incorpora- 
tion (X), 420 ug of Fraction AS-2 and 110 ug of transfer RNA were 
used. For C™-threonine incorporation (O), 100 ug of Fraction 
AS-1 and 110 ug of transfer RNA were used. 
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Fig. 2. Effect of ATP concentration on leucine-RNA formation. 
Standard assay conditions with the indicated amounts of ATP, 
380 ug of Fraction AS-2, and 100 ug of transfer RNA were used. 


enzymes. In this fraction, the activating enzymes for leucine, 
isoleucine, tyrosine, tryptophan, valine, lysine and threonine are 
present in great excess compared to the amount of RNA (1). 
With pH 5 enzyme or large amounts of purified enzyme plus 
added RNA, maximal incorporation could be obtained with 1.0 x 
10-5 m C-labeled amino acid and 1 X 10-*m ATP in 10 minutes 
(Figs. 1 and 2). Similar results were obtained with tyrosine and 
lysine! Although the activating enzymes are not operating at 
maximal rates, they are present in sufficient excess to yield maxi- 
mal rates of incorporation. When the amount of activating 
enzyme was reduced greatly, and initial rates of incorporation 


1 The C4-leucine used contained a small amount of C'*-isoleu- 
cine. Thus, depending on the level of C'*-leucine used, a variable 
amount of the incorporation observed will be due to C"*-isoleucine. 
The data reported for C™-leucine incorporation was obtained by 
assaying in the presence of excess C!2-isoleucine. 
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were studied, maximal rates were obtained only with 1 x 10-*m 
amino acid and 0.01 m ATP. These concentrations are similar 
to those required for maximal rates of amino acid activation 
(PP; exchange). Depending on the activating enzyme to RNA 
ratio, and the length of time of the incubation, different ATP 
and amino acid concentrations (in between these limits) would 
give maximal incorporation. If the rate of incorporation into 
RNA is slow (under suboptimal conditions), the maximal extent 
of labeling may not be reached at all due to competing reactions 
when crude extracts are used, or inactivation of activating en- 
zyme (1). Under the assay conditions described, maximal in- 
corporation was achieved in 5 to 10 minutes and remained at 
that level (Fig. 3), and was proportional to RNA concentration 
(Fig. 4). 

The optimal pH was the same for the incorporation of leucine, 
lysine, or threonine into RNA, and maximal rates of incorporation 
were obtained from pH 7.5 to 8.5. 
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Fic. 3. Time course of leucine-RNA formation. Standard as- 
say conditions for the indicated time periods with 700 ug of Frac- 
tion AS-2 and 80 ug of transfer RNA were used. 
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Fic. 4. Effect of RNA concentration on leucine-RNA forma- 
tion. Standard assay conditions with the indicated amounts of 
transfer RNA and 600 ug of Fraction AS-2 were used. 
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TaB_e I 
Fractionation of RNA 


| 








Fraction | RNA found* ean 

“are yee 

mg /0 | 70 

pH 5 enzymes........... 38.5 100 | 100 
pH 5 RNA. 33.2 86.0 | 96.5 
Eluate 1. 15.1 39.2 | 79.8 
Transfer RNA re 9.8 26.4 | 56.0 
Eluate 2 none, a 37.0 | 18.2 





* The results are given for a typical experiment starting with 
130 g wet weight of guinea pig liver. The microsomes contained 
170 mg of RNA and the total soluble RNA (supernatant after 1 
hour at 105,000 X g) contained 48.5 mg of RNA. The pH 5 en- 
zymes contained 75% of the soluble RNA, but the pH 5 superna- 
tant had very little activity for C'4-leucine incorporation. 

¢ C'*-Leucine incorporation was measured in the standard as- 
say system. Activating enzyme (300 ug of Fraction AS-2) was 
added where needed. 


TABLe II 


Specific activity of amino acid-RN A compounds 














Incorporation* 
C'4-Amino acid Pi ri ae ~———~| Purificationt 
oH 5 Transfer 
NA RNA 
myumoles/mg | mumoles/mg 
Leucine 1.66 3.29 2.0 
Isoleucine 0.89 1.95 2.2 
Lysine 1.79 2.77 1.6 
Threonine 0.67 1.41 2.1 
Tyrosine 0.33 0.64 | 1.9 





* C'4_Amino acid incorporation was measured in the standard 
assay system (see ‘‘Experimental’’). Approximately 300 ug of 
Fraction AS-2 for leucine, isoleucine, and lysine incorporation, 100 
wg of Fraction AS-1 for threonine and tyrosine incorporation, 120 
ug of pH 5 RNA and 70 ug of transfer RNA were used in these ex- 
periments. Other C'4-amino acids were incorporated into RNA 
with the following specific activities in mumoles per mg: transfer 
RNA-proline, 2.67; valine, 1.49; tryptophan, 1.24; pH 5 RNA- 
arginine, 1.74; glutamic acid, 1.18; alanine, 1.17; phenylalanine, 
0.69; glycine, 0.62. 

t The purification is the ratio of the specific activities of trans- 
fer RNA to pH 5 RNA. 


The addition of pyrophosphatase? to the incubation mixture 
was indicated for the removal of PP; formed as a reaction prod- 
uct (Reaction 1), in order to prevent any reversal of the reaction 
(10). Unexpectedly, this addition doubled incorporation in 
some instances. This effect was due to PP; either in the enzyme 
or, more usually, in the RNA (see below) rather than PP; pro- 
duced during the reaction. Many RNA preparations, however, 
did not show increased incorporation with added pyrophos- 
phatase. The basis for these differences is not yet known. 

Amino Acid Transfer Ribonucleic Acid—Table I shows the 
distribution of RNA in the fractions studied. Only a part of 
the total soluble RNA, as it is usually prepared, was active for 
amino acid incorporation. The gel absorption and elution with 


2 Crystalline yeast pyrophosphatase was kindly donated by Dr. 
M. Kunitz, Rockefeller Institute for Medical Research. 
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2 m phosphate buffer (Eluate 1) resulted in a 2-fold purification 
of the RNA for all the amino acids tested (Tables I and II). 

Elution with 2 m phosphate buffer (Eluate 1) removed less 
than 50% of the RNA adsorbed on the gel, but this fraction 
contained 80% of the active RNA, whereas the Eluate 2 frac- 
tion contained little active RNA (Table I). This fractionation 
probably is due to the insolubility of inactive RNA in 2 m phos- 
phate, since, when pH 5 RNA was fractionated with ammonium 
sulfate, a fraction of low activity was precipitated at 65% satura- 
tion at neutral pH (11). RNA prepared from guinea pig liver 
microsomes, which was inactive for amino acid incorporation 
(12), also precipitated under these conditions. Thus, it is prob- 
able that the inactive RNA was derived from microsome break- 
down during the preparation, or may represent the post-micro- 
somal RNA recently reported (13). 

Since the same fraction of the soluble RNA was purified for all 
the amino acids tested (Table II) it is likely that a particular type 
of RNA can incorporate amino acids. It is proposed that this 
active RNA be termed ‘‘amino acid transfer RNA,” or “‘transfer 
RNA.” The name denotes the function of this RNA, which is 
the usual basis for nomenclature of enzymes and other cell com- 
ponents. Studies which document the role of soluble RNA as 
an intermediate in protein synthesis which acts'to transfer acti- 
vated amino acids into the microsomes have been reviewed by 
Hoagland (14). Stimulation of hemoglobin synthesis in a cell- 
free system by transfer RNA has provided more direct evidence 
for this function.’ It should be noted that this name does not 
imply that the transfer RNA fraction studied here is “pure” 
(see below), nor that ‘“‘pure’” transfer RNA need be a single 
molecular species of RNA. The name denotes a type of RNA 
with a specific function which can be separated from other kinds 
of RNA because of certain chemical and physical features which 
characterize this RNA. Fractionation of transfer RNA has in- 
dicated that fractions specific for the attachment of individual 
amino acids are present (11). 

Specificity of Amino Acid-RNA Formation—No species or or- 
gan specificity for amino acid incorporation was found among 
the mammalian systems tested. The initial rates of C'-leucine 
incorporation were similar when Fraction AS-2 (guinea pig liver) 
was used as activating enzyme with pH 5 RNA from guinea pig, 
rat, or dog liver or total soluble RNA from rabbit reticulocytes.’ 
The total C'*-leucine incorporated with these RNA preparations 
was 1.85, 3.2, 0.7, and 1.90 mumoles per mg, respectively. These 
amounts probably represent the transfer RNA content of the 
various preparations. Crude activating enzyme fractions from 
rabbit reticulocytes and dog liver gave similar results with guinea 
pig liver RNA. It has been reported that ascites tumor RNA 
plus liver activating enzymes were active for amino acid incor- 
poration into RNA (15). However, microsome RNA from liver 
or reticulocytes, turnip yellow mosaic virus RNA, and commer- 
cial yeast RNA all gave less than 0.05 mumole of C'*-leucine 
incorporation per mg of RNA. Attempts to increase incorpora- 
tion into microsome RNA by precipitation of microsomes at pH 
5 before phenol extraction, or by partial alkaline degradation of 
the RNA have been unsuccessful. 

When guinea pig liver activating enzymes were used for in- 
corporation of amino acids into E. coli RNA,‘ the initial rate of 
incorporation was low (Fig. 5). Since the initial rates of amino 


?R.S. Schweet, and E. H. Allen, in preparation. 
4 Kindly provided by Dr. Paul Berg, Department of Microbi- 
ology, Washington University, St. Louis, Missouri. 
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acid incorporation into any of the RNA preparations from mam- 
malian sources were similar, the low rate for the bacterial RNA 
indicates a difference between bacterial RNA which forms C"- 
leucine-RNA and liver RNA of the same type. The specificity 
of amino acid-RNA formation must be controlled by the con- 
figuration of the activating enzyme in addition to differences in 
the RNA (11) which have indicated the presence of polynucleo- 
tide chains specific for individual amino acids. 

Properties of Transfer RNA—Previous studies (12, 15, 16) 
have shown that the acceptor for “activated” amino acids was 
ribonucleic acid from the soluble cell fraction. The evidence in- 
cludes physical and chemical properties, and loss of activity upon 
treatment with crystalline pancreatic ribonuclease and other 
nucleases. The absorption spectrum of transfer RNA (Fig. 6) 
is consistent with that of nucleic acid. The ratio of absorption 
at 260 to 280 my was 2.0, whereas the 260 to 230 mu ratio was 
2.1 to 2.2. The ratios are similar to the values calculated from 
the nucleotide composition (see below). After alkaline hydrol- 
ysis, the absorption at 258 my increased by 38 to 42% in several 
experiments (Fig. 6). On heating in 0.1 m Tris chloride buffer, 
pH 6.8, the absorption at 258 my increased 15% between 28.5° 
and 95°. The change in absorption with temperature was sim- 
ilar to that reported for microsomal RNA by Doty et al. (17), 
but showed a smaller increase, a broader transition, and was dis- 
placed to higher temperatures. The original absorption was re- 
stored on cooling. The absorption value at 260 my, E}%,, = 230, 
was calculated from the nucleotide composition corrected for the 
hyperchromic effect. This value was in good agreement with 
the amount of RNA found with the use of an orcinol method 
and with the determination of €p,) = 7800. This value was 
obtained after subtraction of inorganic phosphate liberated by 
hydrolysis for 7 minutes at 100° in 1 N sulfuric acid. The 
amount of hydrolyzable phosphate was equal to about 10% of 
the total phosphate and may be pyrophosphate bound to the 
RNA by a linkage which renders it nondialyzable. 

The nucleotide composition of transfer RNA after alkaline 
hydrolysis was determined by chromatography (18) on Dowex 
l-formate columns (see “Experimental”). A nucleoside peak 
(eluted with 0.001 m formic acid), peaks for each of the 8 nucleo- 
tides (the 2’- and 3’-nucleotide peaks of each base), and a final 
fraction eluted with 1 n hydrochloric acid (Peak 10) were ob- 
tained. The mole % of each fraction based upon the ultraviolet 
absorption (19) was: nucleoside, 0.77; AMP, 16.2; CMP, 27.0; 
GMP, 29.7; UMP, 18.0; Peak 10, 4.0 (with the extinction co- 
efficient for GMP). These values add up to a 95.7% recovery. 
Determinations of other samples of transfer RNA gave similar 
results. Each fraction was studied with the use of paper chroma- 
tography and paper electrophoresis. The only nucleoside found 
in the first peak was adenosine and this was the only ultraviolet 
absorbing material, although some fluorescent material was also 
present. Peaks 2 to 9 contained the expected nucleotides. 
However, minor components were found in addition to the nu- 
cleotides in the CMP and GMP peaks. These have not been 
studied extensively, but may be those reported by several groups 
(19-22). The values for each nucleotide given above include 
these components. 

Peak 10 was separated into 3 components by paper electro- 
phoresis at pH 3.6. These components did not move far from 
the origin and the major one after elution from the paper had a 
spectrum characteristic of guanine compounds. These com- 
pounds may be di- and trinucleotides resistant to hydrolysis un- 
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Fic. 5. Rate of leucine-RNA formation with transfer RNA and 
E. coli RNA. Standard assay conditions for the indicated time 
periods with 600 ug of Fraction AS-2 and 85 ug of transfer RNA or 
94 ug of E. coli RNA were used. 
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Fic. 6. Absorption spectrum of transfer RNA before and after 
hydrolysis. (@) Spectrum of 20 ug per ml of transfer RNA at 
neutral pH; (X) after alkaline hydrolysis. Conditions are de- 
scribed in the text. 
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der these conditions (4). No evidence was obtained for a unique 
component which might be the diphosphonucleoside expected 
from a chain terminating in a 5’-phosphate (at the opposite end 
from the adenosine). The results indicate that transfer RNA 
terminates in AMP at one end and may not have a unique ter- 
minus at the other end. The purity of these RNA preparations 
(percentage which terminates in adenosine) could not be de- 
termined. The data showed a ratio of approximately 120 nu- 
cleotides per adenosine, which would be the average molecular 
weight if all the chains present terminated in adenosine. This 
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would be the maximal molecular weight, since most contaminants 
would be of much higher molecular weight, and if they terminated 
in nucleoside 3’-phosphate would not be detected. Also, since 
adenosine is such a small constituent of the mixture, some losses 
have undoubtedly occurred. A small percentage of the RNA 
may also lack terminal AMP (see below). A ratio of the num- 
ber of nucleotides per amino acid incorporated may be calculated 
from the average incorporation of the eight C'-labeled amino 
acids tested (assuming that 18 amino acids would be incorporated 
to the same extent). This ratio is 82 and also represents a pos- 
sible maximal size for the RNA chain. 

Studies of the stability of transfer RNA, as measured by the 
ability to incorporate amino acids, were consistent with its poly- 
nucleotide structure. No loss in activity was found after 2 to 3 
months storage at —20°, or after drying in a vacuum. Dried 
samples stored at room temperature were completely active after 
10 days. Treatment at alkaline pH resulted in losses of activity 
which paralleled the increase in perchloric acid-soluble material. 
When transfer RNA was heated at temperatures up to 70° at pH 
6.8 in 0.02 m Tris buffer, no loss in activity was found. Heating 
at 80° for 80 minutes or at 100° for 45 minutes resulted in loss of 
50% of the activity. Transfer RNA, which was 70% inacti- 
vated after heating at 100°, showed no increase in absorption 
at 260 my and was still acid-precipitable. This finding suggested 
that little or no degradation of the molecule had occurred. The 
heat inactivation may have been due to aggregation, since a 
greater proportion of the heated RNA was precipitated by am- 
monium sulfate than the unheated control. No difference in the 
rate of inactivation at 100° was found for leucine, threonine, and 
lysine incorporation. 

The stability of transfer RNA to heating is greater than to- 
bacco mosaic virus RNA (23), based on biological activity and 


TaBLe III 
C'4_ATP and C'4-amino acid incorporation into preincubated RN A* 





| C4-Amino acid 











een i ee 
| C-threonine | C'-leucine 
— mymoles | mmoles myumoles 
Complete system. .| AS-2 0 | — 0 
Complete system | 
wie Gree oo... 5) AS-2 0.004 | — 0.004 
Complete system. .| AS-1 0.76 0.005 0 
Complete system 
plus CTP. | AS-1 1.90 0.075 | 0.001 
Complete system..| AS-2 plus 0.80 0.008 0.090 
AS-1 | 
Complete system 
plus CTP... AS-2 plus 1.98 0.075 | 0.194 
AS-1 








* C'4_.ATP and C'4-amino acid incorporation were measured in 
the standard assay systems (see ‘“‘Experimental’’). CTP, 0.1 
umole, was added where indicated. Approximately 100 yg of 
Fraction AS-1, 600 ug of Fraction AS-2, and 100 yg of preincubated 
pH 5 RNA were used (see ‘‘Experimental’’). In the C'4-ATP in- 
corporation system using 100 yg of Fraction AS-1, 0.23 mumole of 
C'4-ATP was incorporated in the absence of RNA or when Frac- 
tion AS-1 was precipitated with trichloroacetic acid at zero time. 
This value was considered a nonenzymatic absorption of radioac- 
tivity and has been subtracted from values in the tables. Dashes 
indicate not tested. 
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physical properties. This difference is partially due to the much 
larger size of tobacco mosaic virus RNA. The hyperchromic 
change of transfer RNA with increased temperature indicates 
the presence of some secondary structure which may be of great 
importance for biological activity. Further studies of heat-in- 
activated transfer RNA should provide information on this 
problem 

Studies of Amino Acid-RNA Linkage—In reports from two 
laboratories the amino acid-RNA linkage has been formulated ag 
an ester between the carboxyl of the amino acid and a 2’- or 3’- 
hydroxyl of the ribose of a terminal adenosine (9, 24). The 
present findings that transfer RNA terminated in AMP, and 
that amino acid incorporation was approximately equal on a 
molar basis to the adenosine formed by alkaline hydrolysis, pro- 
vide additional evidence that all the amino acids are linked to a 
terminal AMP which was present on transfer RNA as isolated. 
Studies of the incorporation of C4-ATP into RNA (25) have 
confirmed these findings. Enzymes which catalyzed incorpora- 
tion of the C-AMP of ATP into RNA were found in Fraction 
AS-1, but not in Fraction AS-2 (1). Preincubated RNA, which 
had lost terminal nucleotides (9), did not incorporate amino 
acids unless the terminal nucleotides were replaced using Frac- 
tion AS-1 (Table III). On the other hand, transfer RNA showed 
maximal amino acid incorporation with Fraction AS-2 alone, 
and amino acid incorporation was not increased by the addition 
of Fraction AS-1. 

Preincubated RNA, which has lost its terminal AMP and pos- 
sibly CMP (9), was tested with enzyme Fractions AS-1 and 
AS-2. Fraction AS-2, which contains leucine-activating enzyme, 
did not catalyze C'-ATP incorporation into preincubated RNA, 
and this RNA was inactive for C'-leucine incorporation (Table 
III). C**-Isoleucine was also not incorporated under these con- 
ditions. Fraction AS-1, which contains threonine-activating en- 
zyme, catalyzed C'*-ATP incorporation into preincubated RNA. 
This incorporation was doubled in the presence of unlabeled 
CTP, and C'-threonine was incorporated if CTP was present. 
These results demonstrate that Fraction AS-2 lacks the enzymes 
for C4-ATP incorporation and that preincubation has completely 
inactivated the RNA as shown by the absence of amino acid 
incorporation. Repair of the same RNA was shown by the in- 
corporation of C'-threonine in the presence of CTP, using Frac- 
tion AS-1, which catalyzed C'4-ATP incorporation. When AS-2 
and AS-1 were combined, C"*-leucine and C'-isoleucine incorpora- 
tion was also restored, thus confirming the conclusion that re- 
placement of the AMP moiety was required for amino acid in- 
corporation. The addition of CTP doubled the incorporation of 
C4-ATP and C"-leucine (Table III). Addition of 0.001 m PP; 
had no effect on C'*-ATP incorporation with preincubated RNA. 
Higher levels of PP; have been reported to inhibit this reaction 
(25). These results are consistent with the formulation of the 
terminus for amino acid attachment as: RNA-pCpCpA (9), and 
indicate that preincubation has removed AMP from all the 
chains and CMP from half the chains. In other experiments, 
CTP doubled the incorporation of C'*-isoleucine, also. The 10- 
fold stimulation of C'*-threonine incorporation by CTP (Table 
III), however, suggests that almost all the CMP was removed 
from the RNA specific for threonine incorporation (11). 

When transfer RNA preparations were tested in the same way, 
completely different results were obtained. Incorporation of 
C“-ATP was catalyzed by Fraction AS-1 and not by AS-2, but 
was almost completely dependent on PP; addition. CTP addi- 
tion at 10-* m had no effect in contrast to the results obtained 
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with preincubated RNA. Addition of 0.001 m CTP inhibited 
C'“-ATP incorporation by 50 to 75%. The PP; requirement for 
incorporation of C'-ATP into transfer RNA is in agreement with 
the function of PP; in the removal of terminal nucleotides from 
RNA (25). 

Maximal incorporation of C'-leucine and C"-isoleucine into 
transfer RNA was obtained with Fraction AS-2 alone. The ad- 
dition of Fraction AS-1 (containing C'-ATP incorporating en- 
zyme) and CTP had no effect. These results indicate that 
transfer RNA, as isolated, contained all of its terminal AMP.§ 
The C4-ATP incorporation observed with transfer RNA appears 
to be due to an exchange reaction. The terminal AMP is re- 
moved as Reaction 2 proceeds, and reversal results in incorpora- 
tion of C4-ATP into RNA. 


RNA-pCpCpA + PP; = RNA-pCpC + ATP (2) 


The preparation of activating enzymes free from the enzymes 
which catalyze the addition of end groups to RNA indicates that 
the latter reactions are not directly required for the incorporation 
of amino acids into RNA, when the RNA is isolated under the 
conditions described here. Presumably, the removal and re- 
placement of these terminal groups of transfer RNA plays a role 
in the later stages of protein synthesis. 

Further information on the nature of the amino acid-RNA 
linkage has been obtained from a study of the reversibility of 
Reaction 1. The addition of AMP after maximal incorporation 
was reached, resulted in a breakdown of threonine-RNA (Fig. 7). 
Similar results have been reported by other workers (15, 16, 26). 
However, such results do not exclude hydrolysis and other types 
of losses of amino acid-RNA. The fact that AMP added initially 
gave the same final amount of threonine-RNA is evidence that 
the reaction is reversible and that the amount of threonine-RNA 
found after AMP addition represents the equilibrium position 
under these conditions. Other experiments which supported this 
conclusion were the failure of AMP to produce a loss of threonine- 
RNA in the presence of pyrophosphatase, complete inhibition of 
the AMP effect when threonine-activating enzyme was inhibited 
with 0.001 m p-chloromercuribenzoate, and proportionality of 
threonine-RNA cleaved to the amount of AMP added. These 
results have been confirmed by the demonstration of cleavage of 
isolated threonine-RN A in the absence of ATP and the incorpora- 
tion of C*-AMP into ATP (10). The equilibrium constant® for 
the enzymatic formation of threonine-RNA determined from both 
directions was 0.37 at pH 7.0. The amino acid-RNA linkage 
therefore falls into the general classification of “high energy”’ 
bonds (10). 

Effects of Inhibitors on Amino Acid-RNA Formation—The in- 
hibition of leucine-RNA formation by p-chloromercuribenzoate 
and iodoacetate paralleled the effects of these inhibitors on leu- 
cine activation (1). With Fraction AS-2 as activating enzyme, 
C"-leucine incorporation was inhibited 95 to 100% by 5 x 10-° 
M p-chloromercuribenzoate and only 17% by 0.001 m iodoaceta- 
mide. GSH was omitted from assays which contained thiol in- 
hibitors. Higher levels of mercuribenzoate were needed for 
inhibition of incorporation using pH 5 enzyme, presumably be- 
cause of endogenous groups which could bind the inhibitor. C'*- 


5 Some C¥4-ATP incorporation into transfer RNA was observed 
in the absence of added PP;. This incorporation may be due to 
endogenous PP, or a small percentage of the transfer RNA may 
lack terminal AMP. 

°J. Leahy, E. Glassman, and R. Schweet, in preparation. 


E. H. Allen, E. Glassman, E. Cordes, and R. S. Schweet 
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Fic. 7. Effect of AMP on threonine-RNA formation. Stand- 
ard assay conditions without inorganic pyrophosphatase for the 
indicated time periods were used. (A) Standard assay, without 
AMP; (O) 2umoles of AMP added at 5 minutes; (@) 2 umoles of 
AMP added initially. 


Lysine incorporation using Fraction AS-2 was inhibited 47% 
with 2.5 < 10-* m mercuribenzoate. C™-Threonine incorpora- 
tion was inhibited 75% by 5 X 10~ m mercuribenzoate and 
showed little or no inhibition with 0.001 m iodoacetamide with 
Fraction AS-1 asa source of threonine-activating enzyme. These 
results are consistent with the greater resistance of threonine- 
activating enzyme to these inhibitors (1). 

The inhibitory effect of PP; on C"-leucine incorporation with 
the use of Fraction AS-2 was proportional to the concentration 
and 50% inhibition was obtained at 1.5 X 10m PP;. In these 
assays, inorganic pyrophosphatase was omitted. 

When several C'-amino acids were tested together, the in- 
corporation was additive. This finding suggested that RNA 
chains specific for individual amino acids were present in transfer 
RNA and led to the fractionation studies which have provided 
evidence for this viewpoint (11,12). The additivity of incorpo- 
ration with several C'-amino acids has been confirmed with leu- 
cine plus threonine, lysine, or valine; and isoleucine plus valine, 
by means of standard assay conditions. As expected from these 
results, the addition of nonradioactive lysine, threonine, or valine 
did not inhibit C'*-leucine incorporation. 


DISCUSSION 


Partial purification of an RNA fraction active for amino acid 
incorporation has indicated the occurrence of a unique type of 
RNA with a specific function. This RNA has been termed 
“transfer RNA.” The presence of AMP at one end of the 
polynucleotide chain, the nucleotide composition (including the 
presence of components which differ from the usual four nucleo- 
tides), and the small size delineate this RNA as a specific type 
of cellular RNA. The metabolism of transfer RNA also is 
unique, based on studies of its turnover (13, 28, 29) and terminal 
addition of nucleotides (25, 30-32). The molecular weight of 
soluble RNA based on ultracentrifuge studies has been reported 
as 30,000 to 50,000 (15, 33). The molecular weight of transfer 
RNA can be estimated as 30,000 from the amount of adenosine 
released on alkaline hydrolysis and the average amount of amino 
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acid incorporated.’ The real value may be lower, since impur- 
ities and losses of adenosine all tend to make the estimate high. 

The similarity in amounts of adenosine released by alkaline 
hydrolysis of RNA and amino acid incorporated is indirect evi- 
dence for the linkage of amino acids to the terminal AMP of 
RNA. This confirms the more direct evidence reported earlier 
(9, 24). The requirement for terminal AMP for amino acid in- 
corporation, previously reported by Hecht e¢ al. (9), was shown 
directly with preincubated RNA. In our studies, an activating 
enzyme fraction which did not catalyze the replacement of ter- 
minal nucleotides into RNA was unable to catalyze incorporation 
of C'*-leucine, or C'-isoleucine, into preincubated RNA. In- 
corporation was restored with the addition of an enzyme fraction 
which catalyzed C-ATP incorporation into this RNA. In con- 
trast, amino acid incorporation into transfer RNA was maximal 
when activating enzymes free of C4-ATP incorporating activity 
were used. This finding indicated that transfer RNA, as iso- 
lated, contained almost all of the terminal AMP required for 
amino acid incorporation, and therefore needed no replacement 
of terminal groups. 

Additivity of incorporation when several amino acids were 
used (1, 12), and reports (9, 24), which have been confirmed and 
extended here, that amino acids were linked to a terminal nu- 
cleotide of the RNA chain suggest that different polynucleotide 
chains specific for individual amino acids are present. The par- 
tial separation of RNA fractions specific for attachment of in- 
dividual amino acids has provided the most direct evidence for 
this viewpoint (11, 12). All the data presented are consistent 
with the formulation of a single amino acid attached to the ter- 
minal AMP of a specific polynucleotide chain containing 70 to 
90 nucleotides. The linkage has been reported to be an amino- 
acyl ester to ribose (9, 24) which has the properties of a “high 
energy” bond (10). This formulation supports the proposed 
function of amino acid-RNA as an intermediate in protein syn- 
thesis which acts to transfer individual amino acids to specific 
sites in the microsome where they are then linked to adjacent 
amino acids. The concept of a single amino acid attached per 
polynucleotide chain would be incompatible with the suggestion 
that peptide bond formation takes place before entry into the 
microsome. Recent studies* support this concept of the func- 
tion of transfer RNA in hemoglobin synthesis (27). Studies of 
the role of soluble RNA in protein synthesis have been reviewed 
by Hoagland (14). 


SUMMARY 


Ribonucleic acid from various cell fractions has been tested for 
the ability to incorporate C™-amino acids. A fraction which 
was purified 2-fold over the pH 5 ribonucleic acid has been de- 
scribed (transfer ribonucleic acid). With the use of activating 
enzymes from guinea pig liver, ribonucleic acid prepared from 
several different species and tissues was active for amino acid in- 
corporation. However, ribonucleic acid from Escherichia coli 
showed a slow rate of incorporation with liver activating en- 
zymes. Some physical and chemical characteristics of transfer 
ribonucleic acid have been described. The only nucleoside 
formed after alkaline hydrolysis of the purified ribonucleic acid 
was adenosine. Enzymes whichcatalyzethe addition of terminal 
adenosine 5’-monophosphate to ribonucleic acid have been sep- 
arated from activating enzymes. The former enzymes were 


7 The amount of C'-ATP incorporated into preincubated pH 5 
RNA (Table III) was 1 ATP per 140 nucleotides, which is equiva- 
lent to a molecular weight of 24,500 for transfer RNA. 
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not required for incorporation of amino acids into transfer 
ribonucleic acid. When preincubated ribonucleic acid was used, 
activating enzymes and the enzymes which replace terminal 
nucleotides were required for amino acid incorporation. These 
results have led to the concept that a single amino acid is at- 
tached to the terminal adenosine of a specific polynucleotide 
chain. 
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The incorporation of amino acids into proteins may occur ac- 
cording to two mechanisms, simultaneous linkage of the amino 
acids or stepwise synthesis implicating intermediate peptides. 
Most of the experiments are in favor of the first mechanism. 
Muir et al. (1) have shown the identity of the specific activities 
of N terminal valine and the other valine residues in hemoglobin. 
Velick et al. (2, 3) have observed that the ratio of the specific 
activities of eight amino acids is the same in three muscle en- 
zymes, even as early as 30 minutes after the injection of the la- 
beled amino acids (4). Work et al. (5, 6) have found an identity 
of the labeling in the various mild proteins and in the different 
casein peptides. Kruh and Borsook (7) have demonstrated the 
identity of the rates of incorporation of four labeled amino acids 
into hemoglobin in rabbit reticulocytes in vitro. 

In favor of the stepwise mechanism are the results of Anfinsen 
et al. (8, 9) who have found an unequal labeling of ovalbumin 
after incubation of oviduct preparations with various labeled 
amino acids, and also an unequal incorporation of glycine and 
phenylalanine into the different sites of insulin and ribonuclease 
in pancreas slices (10). Unequal labeling has also been shown 
to occur in hemoglobin (11), in collagen (12), and in silk fibroin 
(13). The theoretical basis of the stepwise mechanism has been 
discussed by Steinberg et al. (14) and by Loftfield and Eigner (15). 

In previous investigations (16) we have shown that when glo- 
bin labeled by incubation of rabbit reticulocytes with glycine- 
C4 was progressively hydrolyzed by hydrochloric acid, the lib- 
erated glycine had a specific activity which increased with the 
time of hydrolysis. When globin was labeled in vivo by in- 
jection of glycine-C™ into the rabbit, globin prepared from blood 
taken at the 5th day liberated glycine whose specific activity 
increased progressively with hydrolysis, but globin prepared from 
blood taken at the 34th day liberated glycine with a constant 
specific activity under the same conditions of hydrolysis. We 
have wondered whether this phenomenon was general or linked 
to some particularities of glycine metabolism. We have there- 
fore carried out the same kind of experiment with another la- 
beled amino acid, phenylalanine-C™. Since phenylalanine in 
vivo is partly converted to tyrosine, we have also studied the be- 
havior of this amino acid. In rabbit reticulocytes in vitro this 
transformation is very small, if it occurs at all. 


*This work was supported by grants from La Caisse Natio- 
nale de Sécurité Sociale, France, l'Institut National d’Hygiéne, 
France, and by a research grant (A-2773) from the National In- 
stitute of Arthritis and Metabolic Diseases, United States Public 
Health Service. 


EXPERIMENTAL 


Methods 


Production of Reticulocytes—Reticulocytes were obtained on 
the 5th day from rabbits injected intraperitoneally on the Ist 
and the 3rd days with 20 mg per kg of neutralized phenylhy- 
drazine hydrochloride. 

Incubation—The incubations were performed according to 
Borsook et al. (7, 17), slightly modified (16). The erythrocytes 
obtained from 70 ml of blood were twice washed with Krebs- 
Henseleit solution. The following solutions were added: a mix- 
ture of sixteen amino acids (L-alanine, L-arginine, L-aspartic 
acid, t-glutamic acid, L-cysteine, L-histidine, t-leucine, L- 
isoleucine, L-lysine, puL-methionine, L-proline, DL-serine, DL- 
threonine, L-tryptophan, L-valine, and glycine) to a final 
concentration of 0.2 mm for each amino acid, 5 ue of phenylala- 
nine-3-C' (French Atomic Energy Commission, Saclay), 6 ml of 
a 0.27 m NaHCO; solution, and 500 yg of iron in the form of am- 
monium ferrous citrate. The Krebs-Henseleit solution was 
added up to 100 ml. The mixture was divided into 10 aliquots 
and the incubations were carried out in a Dubnoff incubator at 
27°, with a gas current of 95% O2 and 5% COs. 

Injection—In the experiments in vivo, 12 ue of phenylalanine- 
C% dissolved in 1.5 ml of 0.9% sodium chloride solution per kg 
of body weight were injected intraperitoneally into rabbits. 

Preparation of Globin—Pure globin was prepared as described 
previously (16). 

Hydrolysis of Globin and Isolation of Phenylalanine and Tyro- 
sine—Globin was hydrolyzed by 1000 volumes of 6 N HCl at 
112°. An aliquot was taken after 60 minutes, 90 minutes, and 
24 hours. Under these conditions phenylalanine and tyrosine 
were completely liberated in 24 hours (glycine was completely 
free only after 36 hours’ hydrolysis in 3000 volumes’ n HC)). 
Hydrochloric acid was evaporated in each sample and the hy- 
drolysate freed from HCl by addition of water and evaporation 
to dryness in a vacuum six times. The aromatic amino acids 
were isolated according to the technique of Watchtel and Cassidy 
(18) and Velick (19), modified as follows. 

The hydrolysates were poured into a column containing 500 ml 
of charcoal Activit 50-XL prepared according to Fromageot et al. 
(20). Aromatic amino acids and peptides were eluted by water 
saturated with ethyl acetate. This eluate was evaporated to 
dryness, washed twice with water, and dissolved in 2.0 ml of 2.5 
N HCl. The separation of the different amino acids was effected 
on a 24 X 1 cm ion exchange column, with the use of Dowex 
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50-X4 (200 to 400 mesh), pre-equilibrated with 2.5N HCl. Elu- 
tion was carried out with 2.5 n HCl at a rate of 20 ml per hour, 
and 3.0-ml fractions, with an automatic fraction collector. The 
elution of the amino acids was followed by measurement of the 
absorbancies at 260 and 280 my in a Beckman DU spectropho- 
tometer. The ratio of absorption at 260:280 my was 0.5 for 
tyrosine, 20 for phenylalanine, with intermediate figures for pep- 
tides containing both amino acids. The tubes corresponding to 
each peak were pooled, brought to dryness, and HCl was elim- 
inated by evaporation. The purity of the amino acids has been 
checked by two-dimensional chromatography according to Bois- 
sonnas (21). 

Determination of Specific Activities—The crystallized amino 
acids were washed in water and dissolved in 1 n NH,OH, an 
aliquot was diluted with 1 nw NH,OH, and the concentration was 
estimated in the Beckman spectrophotometer at 260 my for phen- 
ylalanine and 280 my for tyrosine. Another aliquot was plated 
on copper planchets on which a piece of lens paper was fixed 
with silicone and the radioactivity measured with a window- 
less flow counter (Tracerlab). Determinations were carried out 
with a statistical error of less than +2%; corrections for thick- 
ness were made. 


RESULTS 


Kinetics of Hydrolysis—The relative proportion of the aro- 
matic amino acids liberated by hydrolysis of 150 mg of globin 
can be deduced from the elution curves (Fig. 1). The relative 
mean values obtained in 17 series of hydrolysis were calculated 
(Table I). Free phenylalanine and tyrosine appeared only after 
a 50-minute hydrolysis; a shorter time liberated only peptides. 

Incorporation in Vitro (Table I1)—The specific activity of 
phenylalanine increased with the time of hydrolysis. There 
were no systematic differences in the results obtained with the 
various times of incubation between 1 and 4 hours. Since the 
amount of phenylalanine liberated during the partial hydrolysis 
varied from one experiment to another, we wanted to see if 
there was a relationship between the specific activity of phenyl- 
alanine and the amount of this amino acid liberated in each ex- 
periment; Fig. 2 shows such a relationship. The phenylalanine 
which is liberated later by hydrolysis has a higher specific ac- 
tivity. 

Incorporation in Vivo (Table IJI)—Blood was taken from 
three rabbits, which were treated with phenylalanine-3-C™ in- 
jections, three times between the 5th and the 58th day. In the 
case of both the phenylalanine and the tyrosine of the globin 
from blood taken on the 5th day, the specific activity of the 
amino acid liberated late in hydrolysis was greater than that 
liberated earlier; at the 16th day the labeling appeared to be 
less unequal, it was almost equal at the 34th day, and equal at 
the 54th and the 58th day. In Fig. 3, the ratio of the specific 
activities: 

amino acid liberated in 60-min hydrolysis 
amino acid liberated in 24-hr hydrolysis 





is plotted against time. There was an increase of the ratio in 
the case of both amino acids. 

Partial Hydrolysis followed by a Total Hydrolysis of Peptides— 
Globin labeled in vitro was hydrolyzed 55 minutes, the phenyl- 
alanine was isolated and its specific activity measured. The 
peak corresponding to peptides (elution by 75 to 105 ml of 1 N 
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Fic. 1. Curves of elution: optical densities at 260 and 280 mp 
of the eluate as a function of its volume. Column of Dowex 
50-X4, mesh 200 to 400, pre-equilibrated with 2.5 Nn HCl. Size of 
the column, 24 X lem. Elution with 2.5 n HCl, fraction of 3.0 
ml. The molecular extinction of tyrosine at 280 my is 7.9 times 
higher than the molecular extinction of phenylalanine at 260 mx. 


TABLE I 


Proportion of phenylalanine and of tyrosine liberated 
by partial hydrolysis 





Phenylalanine liberated* 








Hydrolysis | Tyrosine liberated* 
minutes | 
60 | 45 +9 46+ 8 
90 80 + 9 62 + 9 
* Expressed as % of the amino acid liberated by total hy- 
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HCl) was taken, the absence of free phenylalanine was checked 
by paper chromatography, and the peptides were completely 
hydrolyzed. Phenylalanine was isolated and its specific activity 


TaBLeE III 


Incorporation in vivo of phenylalanine and tyrosine after injection 
of phenylalanine-3-C'4 into rabbits 


measured: phenylalanine liberated by 55 minutes of hydrolysis, 













































































specific activity = 100 c.p.m. per umole; phenylalanine from gs. | injection of peice hee ny yarolyset “Lan 
peptides, specific activity = 156 c.p.m. per umole. ment No. phony, 
The results confirm the inequality of the labeling and give | ©Omin | 90min | 2%hrs | 60min | 90min | 24 hrs 
evidence in favor of incorporation in peptide bonds of phenylala- aa | 
nine into globin in experiments in vitro. 1 5 | 32.9 | 42.4 | 55.2 8.8 | 11.9 | 15.5 
Successive Purifications of Hemoglobin (Table IV)—Hemoglo- 34 | 38.2 | 41.8 | 45.0 | 12.2 | 13.6 | 16.2 
bin labeled in vitro was purified by successive precipitations. | 58 | 21.6 | 23.2 | 23.7 | 21.6 | 21.8 | 23.4 
At each step, only one-half of the hemoglobin was retained and | 
2 4 5 39.1 | 52.5 | 62.5 8.8 | 14.5 | 17.0 
16 | 50.3 | 55.4 | 69.2 | 15.0 | 19.3 | 21.4 
TaBLe II | 35 55.5 | 55.8 | 57.0 | 17.3 | 18.4 | 22.3 
Incorporation in vitro of phenylalanine-3-C'4 into globin 
= = aid 5 1 11.0 | 14.1 17.5 3.1 4.1 5.8 
i aoe Specific activity of phenylalanine after hydrolysist 34 20.7 | 21.8 21.4 7.6 8.1 9.1 
EXPO. | Incubation® | 54 | 16.3 | 16.9 | 16.2 | 14.1 | 14.6 | 14.9 
60 min 90 min 24 hrs 
= aa i Phenylalanine-3-C", 12 ue per kg, was injected intraperitone- 
ally. 
; igs ee Ry + Expressed in counts per minute per umole. 
7s : t Ocasionally, tyrosine was purified by paper chromatography 
3 2 150 196 220 on Whatman No. 3. 
4 2 115 221 248 
5 3 118 204 275 
6 3 157 264 307 
7 4 156 286 312 Ratio of the 
8 4 244 332 372 S.A. 
— 4} 
* The incubations were performed in the presence of 16 amino 
acids at the final concentration of 0.2 mm for each, 250 ug of iron 
in the form of ammonium ferrous citrate, 6 ml of a 0.27 mM NaHCO; 
solution, 5 we of phenylalanine-3-C™, and red cells from 70 ml of 
mj blood. The preparations were divided into 10 beakers of 10 ml 
‘m each and incubated in a Dubnoff apparatus at 37° with a gas cur- 
B rent of 95% O» and 5% CO». 
+ Expressed in counts per minute per umole. 
OS 
Relative S.A. 
100. * 
- 
0) my e e . 
lowex «* 
ize of a 
of 3.0 
times ° 0 ‘ 4 
thee : 0 25 50 days 
sg ty Fie. 3. Evolution of the ratio 
* 
e Specific activity of the amino acid liberated in 60-min hydrolysis 
Specific activity of the total amino acid 
with time. . 
d* 
0 50 00 globin was dissolved in 1 nN NaOH, precipitated by 20% tri- 
p.100 of liberated Phe. chloroacetic acid, heated 15 minutes at 90° in order to eliminate 
eventual labeled RNA derivatives. At each step an aliquot was 
ae Fic. 2. Relative specific activity of phenylalanine asafunction taken and submitted to a 60-minute and 24-hour hydrolysis, 
il hy- of the amount of the liberated amino acid in experiments in vitro. 





The amount of phenylalanine is expressed in per cent of the 
total phenylalanine. The specific activity is expressed in % of 
the specific activity of the total phenylalanine. 


and the specific activity of the free phenylalanine was measured. 
Successive purifications neither eliminated nor concentrated im- 
purities, whether radioactive or not. 
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TaBLe IV 
Specific activity of phenylalanine in globin after successive 
purifications of hemoglobin 


Purifications were performed by salting out with phosphate 
salts removing each time 50% of the hemoglobin. 





ist } 2nd | 








* 3rd 
Hydrolysis | purification | purification | purification 
| | 
hours | 
1 | 87.5 8 26| 81.5 
24 | 134 131 124 
Ratio of specific activities...... 0.65 0.66 0.66 





DISCUSSION 


The results presented here on the incorporation of phenylala- 
nine and tyrosine into the globin of hemoglobin are in accord 
with those obtained in a similar previous study with glycine 
(16) and lead to the same hypothesis. 

Experiments in Vitro—The unequal labeling of globin may be 
explained by one of the following hypotheses. 

1. Heterogeneity of hemoglobin. The existence in the same 
blood of several hemoglobins which incorporate radioactive pre- 
cursors at different rates, in vivo and in vitro, has been demon- 
strated by Schapira et al. (22). They could account for this 
unequal labeling if their resistance to acid hydrolysis is not the 
same for each of them. In the case of glycine we have shown 
that this hypothesis is not sufficient to explain our results: after 
a fractionation of the hemoglobin the fractions obtained still 
display an unequal labeling (16). 

2. In the case of a slow penetration of phenylalanine into re- 
ticulocytes (23), the specific activity of the pool of free phenyl- 
alanine would increase progressively and could affect differently 
the different sites of the molecule synthesized at different times. 
Our results, however, were independent of the duration of the 
incubation between 1 and 4 hours. 

3. The existence of peptide intermediates which would dilute 
differently the molecules of phenylalanine going to the different 
sites of the molecules. This hypothesis was proposed by An- 
finsen et al. (8-10) to explain similar results obtained with other 
proteins. The hemoglobin is formed of four peptide chains of 
two different kinds. The unequal labeling would be explained 
if they are synthesized independently from different pools of 
precursors. This hypothesis will be checked in this laboratory. 

Experiments in Vivo—The results obtained in vivo could be 
explained by the hypotheses discussed above. They are in 
agreement with the theoretical analyses of Steinberg and An- 
finsen (10). The kinetic data of Loftfield and Eifner (15) tend 
to rule out the interpretation involving peptide intermediates in 
long range experiments; however, they deal with a case involving 
net synthesis with no steady state. 

The equalization of the specific activity after 35 days could 
be explained in two ways: (a) the existence of two types of 
erythrocytes, each with a different kind of hemoglobin and 
different life span. In this case the hemoglobin, which should 
be more radioactive shortly after the injection of the labeled 
amino acid, should also be more resistant to hydrochloric hy- 
drolysis, but since it belongs to erythrocytes with short life span, 
it will be replaced by not labeled, or at least much less labeled, 
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erythrocytes and we would observe after a certain time an 
inversion of the ratio of the specific activity of the phenylalanine 
released by partial and total hydrolysis. We never observed 
such an inversion. (6) The existence of a molecular turnover of 
hemoglobin during the life of the erythrocytes. The experiments 
of Neuberger (24) make such a turnover likely in rabbit hemo- 
globin. The plateau obtained by Shemin and Rittenberg (25) 
with N*-hemin does not exclude a turnover, since we have 
recently shown that free labeled amino acid can be found in 
bone marrow a long time after its administration to the rabbit 
and is used as a precursor of hemoglobin compensating for the 
decay due to the renewal (26). 

The interpretation should include the following remark re- 
garding tyrosine. It may be seen in Table III that the specific 
activity of the tyrosine increases during a long time after the 


injection of C'4-phenylalanine both absolutely and relatively to | 


phenylalanine. 

A similar phenomenon has been observed with serine after the 
injection of C-glycine (27). The question raised by this ob- 
servation will be discussed elsewhere. The additional data pre- 
sented here contribute toward elucidation of the phenomenon 
in that they show that it is a general phenomenon as far as 
rabbit hemoglobin is concerned and is not merely a consequence 
of glycine metabolism. 


SUMMARY 


1. Rabbit hemoglobin was labeled in vitro by incubation of 
reticulocytes with 3-C'4-phenylalanine. The progressive acid 
hydrolysis of globin released phenylalanine of increasing specific 
activity. 

2. Rabbit hemoglobin was labeled in vivo by injection of 
radioactive phenylalanine. Progressive acid hydrolysis of the 
globin from the blood taken at the 5th day released phenylala- 
nine with increasing specific activities. When the blood was 
taken later, the inequality of labeling of the globin disappeared 
progressively. 

Tyrosine arising from phenylalanine was also isolated and 
was shown to have the same metabolic behavior as phenylala- 
nine. These results confirm those obtained with C"*-glycine. 
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In previous studies the relative uptake of glycine-1-C™ in 
Ehrlich mouse ascites tumor cells was diminished with increased 
extracellular levels of unlabeled glycine or related compounds, 
but was enhanced by the presence of these same compounds in- 
side the cell at high levels (2). Kinetic studies indicated that in 
the former case, the depressed influx was due to competition for 
a saturable active transport mechanism. The increased influx 
upon preloading, conforming to a mathematical relationship 
verified experimentally, could be related to an intensified ez- 
change between labeled and unlabeled compounds across the cell 
membrane (3). Theoccurrence of both competition and exchange 
has been interpreted as strong evidence for a specific carrier 
mechanism in the transport of glycine and its analogues. The 
capacity of any substance either to compete or to exchange with 
glycine should therefore indicate a special affinity of this sub- 
stance for the glycine transport carrier. 

Direct proof of the existence of a carrier in any system remains 
to be advanced. However, it was felt that certain new infer- 
ences regarding the glycine carrier in Ehrlich cells might be made 
after examining the structural specificity of the glycine transport 
system. Such specificity follows from comparison among vari- 
ous derivatives of glycine with respect to their affinity for the 
transport system. This affinity, herein designated as “transport 
affinity,” was measured either by competition or by exchange of 
the tested substance with glycine-C“ during uptake. Either of 
these methods should, ideally, yield the same measure of the 
affinity, since a single carrier mechanism appears to be responsi- 
ble for both active transport and exchange diffusion in this sys- 
tem. In accordance with the model describing the simultaneous 
operation of these processes, free active carrier is assumed to occur 
essentially in the same form whether at the interface between the 
membrane and the external medium or at the interface between 
the membrane and the cell interior; 7.e. a given amino acid should 
have the same affinity for active carrier at either interface (3). 
In the present report, some of the earlier observations of Chris- 
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tensen et al. (4) on concentrative uptake have been tested kinet- 
ically, in order to relate transport affinity to cellular accumula- 
tion. The kinetic treatment has also been extended to other 
amino acids and analogues. Our observations indicate that at 
least three distinct groups of the transported molecule are essen- 
tial for its interaction with the transporting system, or “carrier.” 
In other words, Ogston’s concept (5) of the “three points of at- 
tachment” between substrate and enzyme appears to apply to 
this transport system. This view is supported by the fact that 
the system is highly, though not absolutely, specific for the steric 
configuration of the amino acid concerned. In the following re- 
port, an attempt is made to relate the points of attachment to 
special groups of the molecule and to define the chemical require- 
ments for the function of each group. 


THEORETICAL 


In true competition the extent to which the influx of glycine is 
inhibited allows a fair estimate of the transport affinity of the 
competing amino acid. Applying the Michaelis-Menten concept, 
as before (2), the influx of the uninhibited control should be 


a 


MY, = ——— 
” K, +a 


Musx (1) 


whereas in the presence of a competing solute whose concentra- 
tion is b the influx should be 


a 


Mi, = Mmax 
K.(1 + 6/Ky) + a 





(2) 


M}, and M;} are the influxes of the control and of the inhibited 
sample, respectively; a is the concentration of labeled glycine in 
the suspension fluid, and K, and K, are the reciprocal affinity 
constants of glycine and competitor, respectively, for the trans- 
port system. From Equations 1 and 2 the affinity constant of 
any competitor, 1/K, or K, , can be evaluated: 


+ Kata (i :) 


eel Mi 

At constant concentrations of glycine and competitor, the 
affinity of each competitor should be proportional to the corre- 
sponding value of (M?,/M;, — 1). In the last column of Tables 
I and IV, values for K;/K, are listed. K, is the affinity con- 
stant for glycine, as derived from the self-inhibition of glycine 
influx by added unlabeled glycine. These ratios provide a meas- 
ure of the relative affinities of competing glycine derivatives. 
The glycine influx with and without addition of the derivative 








(3) 
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tested for competition was obtained from the uptake of radio- 
activity during the first minute. As was discussed in a previ- 
ous paper (2), the 1-minute uptake is not a precise measure of the 
true influx, but should essentially be proportional to the true 
value. It is, therefore, considered sufficient for the present pur- 
pose, since only the relative influxes, not absolute values, are re- 
quired. 


EXPERIMENTAL 


Carcinoma cells were collected from mice and treated as de- 
scribed earlier (6). In all experiments the Krebs-Ringer bicar- 
bonate buffer contained 3% serum albumin (7) and 0.0025% 
heparin. In inhibition studies, 0.5-ml portions of cell suspen- 
sion, equivalent to about 200 mg of wet cells, were placed in 
lusteroid tubes attached to the side arms of special Erlenmeyer 
flasks. The main compartment of each flask contained the final 
incubation medium, usually 3.1 ml. Before the mixing of cell 
suspensions with final incubation media, all flasks were prein- 
cubated for 15 minutes at 37° in an atmosphere of 95% O2 and 
5% COe. At the end of this period, cell suspensions were mixed 
with media to start the final incubation. In experiments in 
which cells were preloaded, the procedures previously described 
were followed (3). The influx of L-methionine-C'“H; was studied 
in several inhibition and preloading experiments analogous to 
those described for glycine. After the final incubation, treat- 
ment of cells and medium was the same as in earlier experiments 
(6), except that the radioactivity of picric acid extracts was 
counted directly in a thin window Geiger-Miillercounter. Methi- 
onine was determined by the Rudra and Choudhury modifica- 
tion (8) of the method of McCarthy and Sullivan (9). N-Ethyl- 
glycine was prepared according to Heintz (10), N-(n-propy]) 
glycine by the method of Cocker (11), N-formylglycine as de- 
scribed by Fischer and Warburg (12), and aminomethanesul- 
fonate by the procedure of Hartough ef al. (13). The other 
amino acids and reagents were usually commercial samples." 


RESULTS AND DISCUSSION 


Substitutions at Carboxryl Group of Glycine—Affinity for the 
glycine transport system appeared to depend on the presence of 
an intact carboxyl group. As shown in Table I, either esterifica- 
tion or reduction of this group resulted in a compound causing 
no depression of glycine influx. In order to determine whether 
the mere presence of an anionic group is sufficient, the carboxyl 
group was replaced by a sulfonate group. The resulting amino- 
methanesulfonate, as seen in Table I, showed almost no transport 
affinity. This agrees with Christensen’s finding that this com- 
pound does not interfere with the accumulation of glycine by 
Ehrlich cells (14). It should be noted that the sulfonate group 
lowers the pK of the amino group by more than 4 units, so that 
at physiological pH most of the amino groups would be without 
a positive charge. This decrease in pK, however, may not be 
the only cause of the lack of transport affinity. Such a con- 
clusion follows from a parallel experiment with taurine and §- 
alanine, whose structures correspond respectively to those of 
aminomethanesulfonate and glycine. As seen in Table II, the 
uptake of labeled B-alanine, although markedly inhibited by un- 


1 Several rare p-amino acids were kindly provided by the late 
Dr. J. P. Greenstein. The ouabain used was a gift of Dr. E. L. 
Titus of the National Heart Institute, National Institutes of 
Health. 


C. M. Paine and E. Heinz 
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TABLE [| 


Inhibition of glycine-C' uptake by compounds formed by 
substitutions at carbozryl or amino group of glycine 

Cells were incubated for 1 minute with 1.7 mm glycine-C™ in 
the presence of about 9 mm concentration of the compound tested 
for inhibition. The relative uptake of activity equals c.p.m. per 
g of dry cell weight divided by c.p.m. per ml of extracellular me- 
dium at the end of the incubation. The relative affinity (Ki/K.) 
is defined in the ‘“‘Theoretical’’ section. 

















Compound tested for inhibition sito maine Mean relative 
activity affinity (Kp/Ka) 
% 
Glycine (unlabeled) —58 1.0 
Glycine methyl ester —0 0 
Ethanolamine 0 0 
Aminomethanesulfonate —7 <0.1 
N-Ethylglycine —7 <0.1 
N-(n-Propyl)glycine —7 <0.1 
N,N-Dimethylglycine —6 <0.1 
L-Proline —79 2.7 
DL-Pipecolate —38 0.4 
Picolinate -3 0 
N-Formylglycine —0 0 
Hippurate —11 0 
N-(p-Hydroxyphenyl)glycine 0 0 
Guanidoacetate —12 0.1 
TABLE II 


Effect of taurine and alanine on uptake of B-alanine-C' 
Cells were incubated for 1 minute with 6-alanine-C™ with and 
without the unlabeled compound tested for competition as in- 
dicated in the table. The relative uptake of @-alanine is calcu- 


lated analogously with that of glycine as explained in the caption 
of Table I. 








Labeled er * ae added to eee - a added Rove: nga Change 
activity 
ml/g % 
2.0 mm 6-alanine-C™ 2.18 
12.0 mm £#-alanine-C™ | 10 mM £6-alanine 0.93 —43 
2.0 mm #-alanine-C™ 10 mm taurine 2.14 0 
2.0 mom 6-alanine-C™ 10 mM DL-a-alanine 0.37 —86 














labeled B-alanine and even more strongly by pL-a-alanine, is 
scarcely affected by the presence of taurine. Since the influx of 
B-alanine is also inhibited by glycine and vice versa, it may be 
concluded that 8-alanine has an affinity, though a weaker one, 
for the glycine carrier. The pK of the amino group of taurine is 
8.74, as compared to 10.19 for B-alanine (15). Therefore the 
lack of transport affinity of taurine can hardly be attributed to 
an electrically uncharged amino group, and seems rather to re- 
flect an inherent need for a carboxyl group. 

Amino Group Substitution—It was shown by Christensen that 
secondary amino acids such as sarcosine are strongly concen- 
trated, but that N,N-dimethylglycine is only slightly concen- 
trated by Ehrlich cells (16). This difference was tentatively 
explained on the basis that only primary and secondary amino 
groups can form Schiff bases with pyridoxal, such a step being 


2 Unpublished results. 
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Tase III 
Effects of three structurally related substances on glycine-C' uptake 
Each numerical value is the mean percentage change of relative 
uptake of activity as defined in Table I. The concentration of 
the substances tested was 9.1 mM; of glycine-C™%, 1.7 mm. Cell 
suspensions were incubated for 1 minute with glycine-C™ and the 
substance tested. 











Compound tested sae a wii Relative affinity 
| C'*-glycine (Kb/Ka) 
| % 
pL-Proline | -—67 +7 2.0 
N-(n-Propyl) glycine —7 + 6 <0.1 
pL-Norvaline | —48 + 4 0.7 





TaBLe IV 
Effects of compounds formed by substitutions at a-carbon atom of 
of glycine on glycine-C uptake 

Cells were preincubated for 1 minute with 1.7 mm glycine-C™“ 
and the compound tested, which was present at a concentration 
of 9.1mm. The relative uptake of activity (ute1) is calculated as 
explained in the caption of Table I. The relative affinity (K./ 
K.)t has the same meaning as in Table I. 























Isomer 
Compound tested L DL D 
SPUR; | ie (SPREE | Um |CPE | i 
% | % | % 

Aspartate | —1]/ 0.0 
Asparagine —83 | >3.0| —69| 1.6) —41] 0.5 
Alanine —82 | >3.0 | —85 | >3.0 | —30| 0.3 
a-Amino-n-butyrate | —59| 1.0| -67| 1.5] —-14] 0.1 
Norvaline —48| 0.7| —21] 0.2 
Norleucine —78 2.6| —59| 1.0] —37] 0.4 
Valine -39| 0.5|-30) 0.3] -12] 0.1 
Isoleucine —18 0.2 | -10| 0.1 
Leucine —49| 0.7) —43 | 0.5 —8}| 0.1 
Phenylalanine —43 | 0.5 | —48 0.7 | —18| 0.2 
Histidine -62| 1.2 | | -2| 0.0 
Tryptophan —-12; 0.1 
Cysteinet —75 2.2 | | 
Methionine —95 | >3.0 | —83 | >3.0| —38| 0.4 











¢ Since the calculation of relative affinity under the present 
conditions becomes less accurate when very strong inhibitors are 
used, no values greater than 3.0, corresponding to 80% inhibition, 
are specified. 

t To avoid oxidation of cysteine, this amino acid was placed in 
the main compartment of the flask 1 minute before the final in- 
cubation period, rather than being added before the preincubation 
period. 


essential to the transport process. Accordingly we found sar- 
cosine to compete strongly and exchange readily with glycine 
during influx (8); furthermore N,N-dimethylglycine showed 
negligible effects on glycine influx, whether it was present inside 
or outside of the cell. However, neither of the secondary amino 
acids, N-ethylglycine or N-(n-propyl)glycine, was able to com- 
pete or exchange with glycine to an appreciable extent. It is 
recognized that this finding may not controvert the above ex- 
planation, since steric effects may intervene; but, in view of the 
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marked competitive action on glycine influx of proline and pipe- 
colate, the results with N-ethylglycine and N-(n-propyl)glycine 
are noteworthy. Apparently alkylation of the amino group is 
not detrimental to transport affinity if the alkyl group is steri- 
cally “fixed” through linkage to the a-carbon atom. This link- 
age, however, must be nonaromatic, since picolinate, in contrast 
to pipecolate, had no transport affinity, probably because of the 
low pK of its aromatic amino group. In Table III the com- 
petitive powers of the three related compounds, proline, N-(n- 
propyl)glycine, and norvaline, are compared. The opening of 
the ring at the nitrogen atom, to give norvaline, preserved some 
of the transport affinity possessed by proline, whereas opening 
the ring at the a-carbon atom, to give N-(n-propyl)glycine, 
virtually abolished this affinity. An exact explanation of this 
effect cannot now be given, although it is probably related to 
the steric considerations mentioned above. It was noted earlier 
that N-acetylglycine is not concentrated (14), and that accord- 
ingly it neither competes nor exchanges with glycine (3). Such 
lack of transport affinity seems generally characteristic of N-acyl 
derivatives of glycine, as indicated by the inability of N-formyl- 
glycine to diminish glycine influx, a finding consistent with 
Christensen’s earlier observation of the failure of N-formyl-.- 
valine to compete during glycine uptake by rat diaphragm (17). 
Christensen’s group also found that aromatic substitution on the 
amino group prevented accumulation (4), a finding supported by 
the present results. Benzoylation of the amino group and re- 
placement of the amino group with a guanido group likewise 
prohibited transport affinity. It appears that the positive charge 
of the amino group is essential but not sufficient for participation 
of this group in the transport mechanism. 

Substitutions at a-Carbon Atom of Glycine—Among the wide 
variety of glycine derivatives formed by replacement of at least 
one a-hydrogen atom, several were tested in order to indicate 
certain general effects of such substitution on affinity in the 
glycine transport system. First, it appeared that the side chain 
attached to the a-carbon atom must be uncharged. Previously 
it had been shown that a,y-diaminobutyrate and lysine neither 
competed nor exchanged with glycine (4, 3). pu-Aspartate did 
not affect glycine influx significantly, as indicated in Table IV, 
but the affinity was restored by amidation of the distal carboxyl 
group, in agreement with Christensen’s observations (4). Table 
IV lists a number of compounds with alkyl groups at the a-carbon 
atom which also appeared to participate readily in the transport 
system, many showing transport affinity greater than that of 
glycine itself, whose affinity is indicated in Table I. Previously 
it was shown that amino acids with branched alkyl side chains 
were not particularly effective in inhibiting glycine accumulation, 
and that the inhibitory powers of amino acids with normal alkyl 
side chains generally decreased as the side chains were lengthened. 
Methionine, however, caused marked suppression of glycine con- 
centration (4). The present results concur with these findings, 
except that considerable affinity was observed in those amino 
acids having longer alkyl side chains. As in the work cited 
above (4), optical specificity was quite pronounced but not abso- 
lute. 

Preloading Experiments—Genuine transport affinity of an in- 
hibitor of glycine influx is indicated only if the inhibition is truly 
competitive. Hence many of the tested compounds listed in 
Tables I and IV, especially those for which the competitive na- 
ture of their inhibition was in doubt, were also tested in preload- 
ing experiments. Earlier, as evidence for the identity of active 
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transport and exchange diffusion mechanisms, it had been shown 
that, among a wide variety of substances tested, all of the glycine 
derivatives whose extracellular presence would inhibit glycine 
influx were also capable of stimulating glycine uptake by their 
intracellular presence (3). Thus, if cells preloaded with any 
given compound should then exhibit increased relative glycine 
influx, this increase would indicate carrier-borne exchange of that 
compound with glycine across the cell membrane, and would 
indicate that the inhibition of glycine influx, caused by the ex- 
tracellular presence of that compound, would be a true measure 
of transport affinity. In such confirmatory preloading studies 
it was found, as expected, that all compounds which had failed 
to inhibit glycine influx, such as N , N-dimethylglycine, betaine, 
glycine methyl ester, N-formylglycine, and N-ethylglycine, were 
also unable to exchange with glycine across the cell membrane. 
On the other hand, a high degree of exchange occurred with some 
of the strong inhibitors of glycine influx, as shown in Table V. 
Included in the group of compounds tested was a-aminoisobutyr- 
ate, which will be mentioned later as an effective inhibitor of 
glycine influx when present outside of the cells. The results 
with the first three amino acids listed in Table V indicated that 
these compounds indeed possess genuine transport affinity. In 
contrast, cells preloaded with t-methionine failed to show an 
enhanced glycine influx; instead, a markedly depressed uptake 
was observed. However, judging by the extreme inhibition of 
glycine influx by higher extracellular levels of L-methionine, 
enough of such inhibition might occur, as a result of leakage of 
t-methionine out of preloaded cells, to mask any stimulatory 
effect of preloading on glycine uptake. To test this hypothesis, 
the concentrations of methionine in the extracellular medium at 
the beginning and at the end of the final incubation period in 
two typical L-methionine preloading experiments were deter- 
mined. The mean values were 0.60 mM at the start and 0.53 
mm at the end. In separate inhibition experiments, the depres- 
sion of glycine influx by such low concentrations of L-methionine, 
as seen in Fig. 1, suggested that the failure of L-methionine, after 
preloading, to increase glycine influx, might thereby be at least 
partially explained. 

Further Investigations of L-Methionine—Since the preloading 
experiments with this particular amino acid neither confirmed 


TABLE V 
Effects on glycine-C'4 influx of preloading cells with various glycine 
derivatives 
Cell suspensions were incubated for 20 or 30 minutes with the 
substance tested, which was present at a concentration of about 
10mm. The preloaded cells were incubated for 1 minute with 4 
ml of 2 mm glycine-C'* in Krebs-Ringer bicarbonate medium. 
The relative uptake of activity (ure1) is calculated as explained 
in the statement accompanying Table I. 























Mean ufel Effect of 
Experiment No. Preloaded with cme 
Glycine- Preloaded ufel 
C™ alone 
ml/g ml/g % 
63 8.55 11.06 | L-Asparagine +29 
18 5.15 7.99 | a-Aminoisobutyrate +55 
18 5.15 10.34 | L-Proline +101 
5 separate ex- | 5.92 3.78 | t-Methionine —36 
periments 
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Fig. 1. Inhibition of glycine-C™ influx by low concentrations of 
L-methionine. Cells were incubated for 1 minute with 1.7 mm 
glycine-C and L-methionine. Relative uptake of activity is as 
defined earlier (Table I). 


TaBLe VI 
Accumulation of L-methionine 


Cell suspensions were incubated with various levels of L-me- 
thionine, as indicated, for 20 minutes at 37°. The distribution 
ratio equals the final intracellular methionine concentration di- 
vided by the final extracellular concentration. 





Initial extracellular concentration Distribution ratio 





1.9 14.9 
3.7 10.5 
5.4 5.9 
8.5 7.6 
10.5 3.9 





nor excluded true transport affinity, further evidence on this 
point was required. True competition between two compounds 
for a transport carrier should be indicated if they inhibit each 
other mutually. The accumulation of methionine by Ehrlich 
cells had been shown by Christensen et al. (4) and was confirmed 
in the present experiments summarized in Table VI. Table VII 
shows that there is indeed mutual inhibition between t-methi- 
onine and glycine. Furthermore, the influx of u-methionine 
was enhanced if the cells were preloaded with either glycine, L- 
methionine, p-methionine, or L-norleucine. Such results seem to 
justify the conclusion that L-methionine has considerable affinity 
for the glycine transport system. t-Alanine, which is nearly as 
strong an inhibitor of glycine influx as is L-methionine, also failed 
to enhance glycine influx if accumulated inside the cell? It is 
believed that this failure can be explained in a fashion similar to 
that described for t-methionine. 

If we interpret the foregoing results in terms of the “3-point 
attachment” concept, it seems appropriate to assign one of these 
points each to the carboxyl and amino groups. As compared to 
these groups, the a-carbon atom tolerates a greater variety of 
substitutions without major loss of transport affinity. But the 


3 Unpublished results. 
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TaBLe Vila 
Inhibition of uptake of L-methionine-C'H; by various amino acids 
Cells were incubated for 1 minute at 37° in a medium containing 
L-methionine-CH;, 1.8 mm, and the unlabeled compound to be 
tested for inhibition, as indicated. The relative uptake of ac- 
tivity (ure1) has the same significance as before (Table I). The 
medium was Krebs-Ringer bicarbonate solution. 


























Mean ufe} for L-methio- Eff £in- 
Experiment nine-C¥Hs Unlabeled amino acid added hibitor ya 
No. as inhibitor acid, change 
of ufel 
Control Inhibited 
ml/g ml/g % 
68 12.50 5.85 10 mm Glycine —53 
68 11.50 5.55 10 mm Glycine —53 
70 10.22 2.71 10 mm t-Methionine —73 
70 10.22 4.32 10 mm p-Methionine —58 
70 10.22 4.79 10 mm t-Norleucine —53 
TaBLe VIIb 


Effect on relative uptake of t-methionine-C'*H; of preloading cells 
with different amino acids 

Cells were preloaded with unlabeled amino acids as indicated, 

for 20 or 30 minutes at 37° during the first incubation period. In 

the second incubation period the same cells were resuspended for 

1 minute at 37° in a medium containing L-methionine-C"H,, 1.8 











mM. In both periods the medium was Krebs-Ringer bicarbonate 
solution. 
Mean whet Effect of 
es ne seineiieniatia, Preloaded with change © ° 
CH; alone Preloaded uel 
ml/g ml/g ins % 
72 10.69, 9.39 | 14.20 | 10 mm Glycine +41 
72 10.69, 9.39 | 17.65 10 mm t-Methionine +76 
73 11.07 21.41 | 10 mm t-Methionine +93 
73 11.07 22.95 | 10 mm p-Methionine +107 
73 11.07 26.65 | 10 mm L-Norleucine +141 

















fact that these substituents must be electrically uncharged, to- 
gether with the configurational specificity, seems strongly to sug- 
gest that the a-carbon atom or one of its substituents also in- 
teracts directly with the transport mechanism, thus representing 
a third point of attachment. The stereospecificity indicates that 
substitutions in the two remaining positions are not equivalent 
in this respect. These positions have been designated as a; and 
a2, being assigned as indicated at the top of Fig. 2. In attempt- 
ing to decide which of the two positions, a or a, represents the 
third point of attachment, the effect on transport affinity of the 
presence of methyl groups in either or both of these positions was 
considered. The fact that t-alanine appeared to have greater 
transport affinity than glycine (Fig. 2) would indicate that the 
methyl group, in carrier attachment, functions in preference to 
the hydrogen; i.e. that a constitutes the third point of attach- 
ment when the methyl group of t-alanine is arbitrarily placed 
at a,. This view was strengthened by the fact that a-amino- 
isobutyrate, with methyl groups at both a and a2, showed trans- 
port affinity nearly equal to that of L-alanine, but considerably 
greater than that of p-alanine. The transport affinity of a- 
aminoisobutyrate was also substantially greater than that of 
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glycine. It exceeded the transport affinity of all p-amino acids 
tested, and hence seems to be superior to any amino acid having 
a hydrogen in the a; position. The foregoing observations would 
imply that in any L-amino acid having an a-hydrogen, the func- 





2 
4 
< | Jnhibition of | Relative 
Compound Tested 8 glycine-C affinity 
= | uptake 
% 
H3N. coo 
2 
Be Glycine 8@| setg9 1,0 
(a4) (49) 
H3N coo 
P4 L-Alanine 5 62+ 8 3,3 
H3C H 
H3N. coo 
>-4 D- Alanine 7 32+ 8 0,3 
H CH3 
H3N. 
13 \ poo v 
a «-Aminoiso- | 2 78+ 3 2,6 
H3C CH butyrate 











Fic. 2. Effects of the position of methyl substitution in the 
glycine molecule on transport affinity. At the top, the designa- 
tion of the two positions about the a-carbon atom, occupied in 
glycine by hydrogen. For better distinction, the groups in the 
a position are in heavy-faced type. Each numerical value is the 
percentage change of relative uptake of activity when the methyl 
derivative is tested as an inhibitor of glycine-C™, 1.7 mm, and the 
substance tested, 9.1mm. Relative uptake of activity has been 
defined in Table I. 


TaBe VIII 

Glycine-C" influx as affected by ouabain 
Ouabain was present in the main compartment of the flasks 
together with 1.7 mm glycine-C during the equilibration period. 
When pretreatment of cells is indicated, ouabain was also added 
to the cell suspensions about 20 minutes before the uptake period, 
giving approximately the same concentration in the cell suspen- 
sions as in the main compartment contents. The uptake period 
for labeled glycine was 1 minute. Relative uptake of activity is 

as explained in the statement accompanying Table I. 











, c - | Relati 

as Condition coe P ule a Change 

0. ouabain activity 

ene mmoles/liier ml/g % 

69 Control 7.07 
Not pretreated 10-4 6.75 a4 
Not pretreated 10-3 7.06 0 
Not pretreated 10-2 6.22 —12 
Not pretreated 10> 6.21 —12 

80 Control 9.09 
Pretreated 10-4 8.40 -8 
Pretreated 10-3 8.70 —4 
Pretreated 10-2 8.59 —6 
Pretreated 107: 7.39 —19 
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tional group for carrier attachment would be associated with the 
side chain, rather than with the a-hydrogen. Likewise, in the 
p antipodes of such amino acids, the carrier would be forced to 
accept a third point consisting of hydrogen, which would not be 
the preferred group. However, since hydrogen must constitute 
the third point when glycine is transported, it remains to be 
explained why all p-amino acids do not show transport affinity 
equal to that of glycine. The changes of affinity with increasing 
size of the a substituent suggest some kind of steric hindrance, 
but no positive evidence is available on this point at present. 

Effects of Chelating Agents and g-Strophanthin (Ouabain)— 
Since amino acids are chelating agents for various heavy metal 
ions, the question arises whether such metal ions might be in- 
strumental in linking the transported amino acid to the transport 
carrier. If such were the case, strong chelating agents should 
interfere with the transport of amino acids. This interference 
should be immediate, since it appears unlikely that the amino 
acid could reach the carrier sooner than a low molecular weight 
chelating compound. Christensen et al. (14) found that ethyl- 
enediaminetetraacetate was distinctly inhibitory to the concen- 
tration of glycine and other amino acids, whereas other chelating 
agents, such as 8-hydroxyquinoline and 2,2’-dipyridyl, were 
without inhibitory effect. In our experiments all of the chelating 
agents tested, including ethylenediamine (9.0 mm), 2, 2’-dipyridy] 
(1.7 mm), o-phenanthroline (1.7 mm), and ethylenediaminetetra- 
acetate (1.0 mm, 5.0 mm, and 10.0 mm), were without any effect 
on glycine influx, if added simultaneously with the labeled gly- 
cine. The effect of ethylenediaminetetraacetate reported by 
Christensen (14) is most likely due to the fact that in those ex- 
periments the agent acted on the cells for an hour, whereas in 
our experiments the corresponding period was only 1 minute. 
Our results confirm Christensen’s assumption that metal chela- 
tion is not involved in the primary reaction between amino acid 
and transport carrier, and that the inhibitory effect of ethyl- 
enediaminetetraacetate in his experiments is not due to com- 
petition with the amino acid for the transport carrier. 

In this context, it has been asked whether certain strophanthus 
alkaloids, known to affect active transport of sodium ions in 
Ehrlich cells (18), might have a similar effect on glycine trans- 
port. As seen in Table VIII, g-strophanthin (ouabain) was 
without appreciable effect on glycine influx if added to the system 
simultaneously with the labeled glycine, even at concentrations 
of 0.1 mm in the medium. Only in cells pretreated with ouabain 
at 0.1 mm for 20 minutes was a slight inhibition of the glycine 
influx noticed. 


C. M. Paine and E. Heinz 
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SUMMARY 


1. Various derivatives of glycine were tested for their affinities 
in the glycine transport system of Ehrlich carcinoma cells. 

2. Affinity for the system required the presence of an intact 
carboxyl group. Also, in agreement with earlier studies of amino 
acid concentration, a primary amino group or certain limited 
types of secondary amino groups were required. 

3. Many different substitutions at the a-carbon atom of gly- 
cine were compatible with transport affinity, and a marked 
stereospecificity was observed. 

4. The above findings are discussed with regard to a three- 
point attachment of amino acids to the carrier. 

5. Neither certain chelating agents nor g-strophanthin (oua- 
bain) affected glycine influx appreciably, except that ouabain at 
a high concentration was slightly inhibitory. 
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Davies and Yudkin (1) have reported that the administration 
of dilute hydrochloric acid to rats for three months produced a 
2-fold increase in renal glutaminase activity, and Rector et al. 
(2) found that administration of ammonium chloride to rats for 
four to six days caused a 4-fold rise in the activity of this enzyme. 
Enzyme activity was also increased 2-fold in the guinea pig by 
the administration of ammonium chloride for three weeks (3). 

In the present study, renal and hepatic glutaminase I activity 
have been measured in guinea pigs treated with the urinary 
acidifying agents ammonium chloride and sulfur. p1t-Ethionine 
has been used in an attempt to inhibit the increase in renal 
enzyme activity. The effects of adrenal steroid administration 
and variation of dietary protein intake have also been examined. 


EXPERIMENTAL 


Methods 


Adult male guinea pigs (400 to 600 g) were maintained on 
Purina Guinea Pig Chow Checkers, water, and daily supplements 
of fresh cabbage. 

The substances under investigation were administered twice 
daily at approximately 9:00 a.m. and 5:00 p.m. Ammonium 
chloride and sucrose were given in solution, and enzymatic casein 
hydrolysate and sulfur were suspended in water and administered 
by stomach tube. Hydrocortisone (Merck Sharp and Dohme) 
and deoxycorticosterone acetate (Ciba Pharmaceutical Products, 
Inc.) were suspended in 0.9% sodium chloride and injected intra- 
muscularly. pt-Ethionine and pi-methionine (Nutritional Bio- 
chemicals Corporation) were dissolved in 0.9% sodium chloride 
solution and administered by intraperitoneal injection. 

The animals were placed in rodent metabolism cages 2 hours 
before being killed, and the ammonia excreted in response to 
intragastric administration of 10 mmoles of NH,Cl per kg of 
body weight was determined. Urinary ammonia concentration 
was measured by modified Seligson (4) technique. 

Enzyme Assay—The animals were killed by a blow on the head. 
The kidneys were immediately removed, decapsulated and made 
into a 5% homogenate in cold 0.9% NaCl solution according to 
the technique of Potter and Elvehjem (5). The homogenate 
was then assayed for glutaminase I activity. This was measured 
by subtracting the activity of the inherent glutaminase from the 


* Submitted in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy. 

t Ciba Fellow in Pharmacology. Present address: Department 
of Zoology, Dartmouth College, Hanover, New Hampshire. 


total glutaminase activity, the former being measured in the 
absence of added phosphate and pyruvate ions (6). Each assay 
was performed (in duplicate in the absence of pyruvate) with 
and without added phosphate. 

The following incubation mixture was found to be optimal for 
the assay of glutaminase I activity for both kidney and liver: 
0.2 ml of 5% tissue homogenate, 0.1 ml of 0.1 m L-glutamine, 
0.1 ml of 0.5 m NazHPO.-NaH2PO, (pH 7.5), 0.5 ml of 0.05 u 
Tris (pH 7.5), and 0.1 ml of 0.9% NaCl. Incubation was carried 
out in 25-ml bottles under air at 37 to 38° for 20 minutes. 

At the end of the incubation period, the bottles were closed 
with a sleeve-type rubber stopper holding a ground-glass rod 
moistened with 10 Nn H2SOx,, and 1.0 ml of 20% NazCOs; solution 
was injected through the rubber stopper. The bottles were 
then rotated horizontally on a motor-driven wheel for 30 min- 
utes. The glass rod was removed and rinsed with 3.0 ml of 
water into a separate vessel, and 2.0 ml of Koch-McMeekin 
Nessler’s reagent were added and maximal color was allowed to 
develop. This was read in a Klett photocolorimeter at 420 mu 
wavelength. 

Enzyme activity is expressed as uymoles of NH; liberated per 
100 mg of renal deoxyribonucleic acid per minute of incubation. 
Deoxyribonucleic acid was measured in an aliquot of the same 
homogenate by the method of Schneider (7), and its concen- 
tration was determined by the color reaction of Dische (8) for 
deoxyribose. 


RESULTS 


As shown in Table I, administration of 20 ml 1 m NH,Cl per 
kg per day for 2 days caused renal glutaminase I activity to 
increase approximately 60% above control values. In 4 days, 
enzyme activity was approximately 80% above zero day control 
levels and remained at this level during 4 more days of treat- 
ment. Administration of a similar volume of water alone pro- 
duced no significant rise in renal glutaminase I activity. 

Intragastric administration of 10 mmoles of NH,Cl per kg 
per day or less produced a temporary (at 2 days) rise in renal 
glutaminase I activity which was less than that produced by 20 
mmoles. Doses of 30 and 40 mmoles per kg per day caused 
hemorrhagic pulmonary edema and could not be studied. 

As shown in Table II, intragastric administration of 20 mmoles 
of NH,Cl or sulfur per kg per day for 4 days produced a signifi- 
cant rise in renal glutaminase I activity. However, enzyme 
activity in the liver was not elevated; it was slightly, but not 
significantly, lowered. Intragastric administration of 20 mmoles 
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of sulfur per kg has been shown (unpublished observation) to 
produce a significant rise in the renal excretion of sulfate, hy- 
drogen, and ammonium ions in the guinea pig. 

The intramuscular administration of either hydrocortisone or 
deoxycorticosterone acetate (40 mg per kg per day) for 2 days 
had no significant effect on either basal renal glutaminase I 
activity or the response of the enzyme to the repeated adminis- 
tration of ammonium chloride (20 mmoles per kg per day). The 
mean and standard error (umoles NH; per 100 mg of DNA per 
minute) of these groups were: control, 26 + 2; hydrocortisone, 
30 + 3; deoxycorticosterone acetate, 28 + 3; ammonium chlo- 
ride, 40 + 4; and ammonium chloride plus deoxycorticosterone 
acetate, 37 + 4. 

As shown in Table III, intragastric administration of either 
2.5 or 5 g of casein hydrolysate per day produced a significant 
rise in renal glutaminase I activity in 2 days. The decreased 
food consumption by the animals receiving 5 g of casein hy- 
drolysate resulted in a daily protein intake by this group which 
was only slightly higher than that of the group which received 
2.5 g of casein hydrolysate. The increase in enzyme activity 
in these animals was not accompanied by any significant change 
in urinary pH. 

As shown in Table IV, intraperitoneal injection of 2 mmoles 
pL-ethionine per kg per day had no significant effect. on basal 


TABLE [ 


Effect of repeated administration of ammonium chloride on renal 
glutaminase I activity 
































Glutaminase I activity 
(umoles NH; per 100 mg DNA per min) 
Group Day 
0 2 3 4 | 6 7 | 8 
Control (20 ml |34+4* 33-45 | 38-42 
H.O per kg per | 
day) | 
NH,Cl (20 mmoles |553t 62+27/64+4f (60+ 10 
per kg per day) | | 








Values are Mean + S. E. 

* Five animals in zero day control group, four animals in all 
other groups. 

+ Significantly different from zero day controls (P < 0.05). 


TaBLeE II 


Effect of repeated (4 days) ammonium chloride or sulfur 
administration on renal and hepatic glutaminase 

















I activity 
No. Renal Hepatic 
Group ani- | glutaminase | glutaminase 
mals | I activity I activity 
acne pmoles NH; | umoles NH 
er 100 mg per 100 mg 
DNA per min|DNA per min 
Control 8 |20+1 |91+9 
NH,Cl (20 mmoles per kg per day) 4 | 34 + 2*| 71 + 4 
Sulfur (20 mmoles per kg per day) 4 | 32 + 5t | 62 + ll 











L. Goldstein and C. J. Kensler 











Values are Mean + §. E. 
* Significantly different from control group (P < 0.01). 
} Significantly different from control group (P < 0.05). 
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TaBLeE III 
Effect of protein intake on renal glutaminase I activity 
No. |, Daily in- | Daily | cistaminase I 
Group sob aka chow| protein | Ohtaminas 
pmoles NH; per 
g g 100 mg DNA 
| per min 
Controls ll | 2323] 6.7 27 + 2 
Sucrose (2.5 g per animal | 4 (38222) 7.7 29 + 1 
per day for two days) | 
Sucrose (5 g per animal per | 4 |}2220)] 5.3 24 + 1 
day for 2 days) 
Casein hydrolysate (2.5 g 4 ;|2 +2] 9.2 39 + 2* 
per animal per day for 2 | 
days) | 
Casein hydrolysate (5gper| 4 | 2042) 9.8 41 + 5* 
animal per day for 2 days) 




















Values are Mean + §S. E. 
* Significantly different from controls (P < 0.05). 


TABLE IV 
Effect of injection of pxt-ethionine and pt-ethionine plus 
pL-Methionine on the response of renal glutaminase 
I activity to repeated (2 days) ammonium 
chloride administration 











Group 9 No. age = I 
pumoles NH; per 
100 mg DNA 
per min 
Control (20 ml 0.9% NaCl per kg per day in- | 23 36 + 2 
traperitoneally) 
pL-Ethionine (2 mmoles per kg per day in- 4 41 + 2 
traperitoneally) 
NH,Cl (20 mmoles per kg per day) + 0.9% | 10 51 + 2* 
NaCl (20 ml per kg per day intraperitone- 
ally) 
NH,Cl (20 mmoles per kg per day) + pL-| 18 35 + 1 
ethionine (2 mmoles per kg per day intra- 
peritoneally) 
NH,Cl (20 mmoles per kg per day) + DL- 6 52 + 4* 
ethionine (2 mmoles per kg per day intra- 
peritoneally) + pi-methionine (2 mmoles 
per kg per day intraperitoneally) 











Values are Mean + S. E. 
* Significantly different from control group (P < 0.001). 


renal glutaminase I activity. Injection of this same dose of pL- 
ethionine completely inhibited the rise in enzyme activity which 
follows repeated (2 days) ammonium chloride administration. 
The urinary acidity of animals receiving ethionine or ethionine 
plus ammonium chloride was slightly greater than that of the 
animals receiving ammonium chloride alone. The average uri- 
nary pH of the three groups was 6.3, 5.8, and 6.6 respectively. 
Administration of pL-methionine (2 mmoles per kg per day) 
completely prevented the inhibition by pt-ethionine of the renal 
glutaminase I response to repeated ammonium chloride admin- 
istration (Table IV). The average urinary pH of the last group 
was 5.5. 

Since a significant relation has been found between renal 
glutaminase I activity and ammonia excretion in the rat (2), 
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Fig. 1. Relation of mean renal glutaminase I activity to mean 
ammonia excretion in the guinea pig. 


our data for the guinea pig have been plotted as a function of 
urinary ammonia excretion. As shown in Fig. 1, a positive 
correlation (r = +0.67) was found between mean renal glutami- 
nase I activity and mean ammonia excretion. 


DISCUSSION 


Renal glutaminase I activity was significantly elevated after 
2 days of ammonium chloride administration, and maximal 
enzyme activity was observed by the fourth day of treatment. 
Thus, the “adaptation” period of this enzyme is between that 
of enzymes which are increased within a period of hours (9), 
and those which require more than a week (10). A similar 
time course has been observed for the “adaptation” of this enzyme 
in the rat (2). 

Although repeated administration of either ammonium chlo- 
ride or sulfur produced an increase in renal enzyme activity, 
enzyme activity in the liver was not elevated. The data thus 
support the positive correlation found between renal glutaminase 
I activity and urinary ammonia excretion. The reverse situa- 
tion has been reported for the “adaptation” of xanthine oxidase 
activity in the mouse. Dietrich (10) found that repeated ad- 
ministration of xanthine to mice produced a rise in hepatic 
xanthine oxidase activity, but not in renal xanthine oxidase ac- 
tivity. 

The administration of either deoxycorticosterone acetate or 
hydrocortisone had no effect on basal renal glutaminase I activ- 
ity or the response of this enzyme to repeated ammonium chlo- 
ride administration. These observations are in agreement with 
the results obtained by Iacobellis e¢ al. (11) in the rat. Further- 
more, Wilson and Seldin (12) showed that adrenalectomy in 
rats had no effect on the capacity of kidney to respond to re- 
peated ammonium chloride administration with respect to the 
elevation of glutaminase I activity. Thus, the adrenal steroids 
do not seem to play a major role in the increase of activity of 
this enzyme. 

It has been shown that enzyme activity may be increased by 
chemical compounds which are not substrates of the enzyme 
(13). The rise in renal glutaminase I activity after repeated 
administration of ammonium chloride does not seem to be sub- 
strate-induced, but is rather a nonspecific effect of such sub- 
stances as urinary acidifying agents. 

The increase in enzyme activity which follows the adminis- 


Renal Glutaminase I Activity 
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tration of a chemical compound may be due to activation of 
preexisting, inactive enzyme or to the synthesis of new enzyme. 
The amino acid antagonist pt-ethionine has been used in differ- 
entiating between these two phenomena. Ethionine inhibits 
normal protein synthesis by preventing the incorporation of 
methionine (14) and other amino acids (15) into protein. Ethi- 
onine is itself incorporated into proteins (16). In previous 
studies with other enzymes systems (10, 13, 17, 18), ethionine 
was found to inhibit the increase in enzyme activity which re- 
sulted from the administration of the inducer, and, in each case, 
injection of an equimolar amount lf methionine eliminated the 
effect of ethionine. pu-Ethionine was used in all these experi- 
ments. It is assumed that the p isomer is as effective as the L 
isomer, since Wachstein and Meisel (19) have shown that both 
isomers are equally potent in producing tissue damage. In the 
present study, it was found that intraperitoneal injection of 
ethionine completely inhibited the rise in renal glutaminase I 
activity produced by the repeated administration of ammonium 
chloride. Furthermore, injection of an equimolar quantity of 
methionine eliminated the effect of ethionine. These results 
are consistent with the hypothesis that the increase in renal 
glutaminase I activity after repeated ammonium chloride admin- 
istration is due to the formation of new enzyme. However, it is 
possible that ethionine had an effect on some system which 
regulates glutaminase I activity. For example, the synthesis 
of a renal glutaminase I activator may have been inhibited. 
Thus, although the data obtained with the use of ethionine and 
methionine suggest that new enzyme synthesis is responsible for 
the increase in renal glutaminase I activity, this point is not 
conclusively established. 

Rector et al. (2) have shown that repeated administration of 
ammonium chloride to rats produces a parallel rise in both renal 
glutaminase activity and ammonia excretion. These results 
suggest that the production of urinary ammonia is, at least in 
part, controlled by renal glutaminase activity. The positive 
correlation found between renal glutaminase I activity and am- 
monia excretion in the guinea pig supports this hypothesis. 


SUMMARY 


1. Intragastric administration of 20 mmoles of NH,Cl or sulfur 
per kg per day to guinea pigs increased renal glutaminase I 
activity 80% above control values in 4 days. Hepatic glutam- 
inase I activity was not elevated by either treatment. 

2. Intramuscular administration of neither deoxycorticoste- 
rone acetate nor hydrocortisone (40 mg per kg per day for 2 
days) had any effect on renal glutaminase I activity. Further- 
more, deoxycorticosterone acetate administered simultaneously 
with NH,Cl did not affect the rise in enzyme activity produced 
by NH,Cl administration alone. Casein hydrolysate (2.5 g or 
5 g per day), orally, for 2 days increased enzyme activity 50% 
above control values. 

3. The rise in renal glutaminase I activity produced by intra- 
gastric administration of 20 mmoles NH,Cl per kg per day for 
2 days was completely inhibited by the simultaneous intraperi- 
toneal administration of pt-ethionine (2 mmoles per kg per day). 
Administration of pt-methionine with pt-ethionine (2 mmoles 
per kg per day of each) and 20 mmoles NH,Cl per kg per day 
resulted in an increase in enzyme activity that was no different 
from that produced by NH,Cl alone. 

4. A positive correlation was found between renal glutaminase 
I activity and ammonia excretion. 
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Streptomyces antibioticus synthesizes a mixture of actinomycins 
(I to V), each of which possesses 2 moles of p-valine per mole of 
antibiotic (1, 2); occasionally a sixth substance is produced in 
trace amounts. Streptomyces chrysomallus, on the other hand, 
forms a mixture consisting of actinomycins IV (containing 2 
moles of p-valine), VI (containing 1 mole of p-valine and 1 mole 
of p-alloisoleucine), and VII (containing 2 moles of p-alloisoleu- 
cine) (3). 

During an investigation concerned with the biogenesis of 
p-amino acids by these organisms, it was observed that the addi- 
tion of p-valine (4), p-isoleucine, or p-alloisoleucine to a chem- 
ically defined medium in which S. antibioticus was growing 
resulted in a marked inhibition of actinomycin formation. The 
parallel between these results and those obtained in studies of 
penicillin biosynthesis with p-valine and pt-isoleucine (5, 6) 
prompted a further investigation of this phenomenon. 


EXPERIMENTAL 


Streptomyces antibioticus strain 3720 was used throughout the 
investigation. The method of cultivation, the composition of 
the glutamic acid-galactose-mineral salts medium (basal medium) 
for production of actinomycin, and the assay procedure used 
for determining the antibiotic titer of culture filtrates have been 
described previously (7-9). Duplicate flasks were used for each 
test series. 

Unless specified, the b-, L-, or DL-valine, p- or L-isoleucine, 
p-alloisoleucine, and a-methyl-pi-valine were added to the me- 
dium at the time antibiotic production began, i.e. 24 to 36 hours 
after inoculation. 

For the determination of the weight of mycelium formed dur- 
ing growth, the mycelium in each of two 100-ml aliquots of me- 
dium was collected, at the desired time, on a tared Whatman No. 
2 filter paper disk by means of suction filtration. The cell ma- 
terial was thoroughly washed with distilled water, dried over- 
night in an oven at 100°, cooled, and weighed. 

Disappearance of p- and L-valine from the medium of growing 
cultures was determined by ascending paper chromatography 
with the use of Whatman No. 1 filter paper (17 x 14 inches) 
and the solvent system butanol-acetic acid-water (4:1:5). Pa- 
per chromatograms were sprayed with 0.25% ninhydrin in 
water-saturated butanol for detection of valine. 

To study the oxidation of p- or L-valine by washed suspensions 
of S. antibioticus, the organism was grown in an N-Z amine 


* This investigation was supported by a research grant (E-2280) 
from the National Institute of Allergy and Infectious Diseases, 
National Institutes of Health, United States Public Health Serv- 
ice. 


medium (8) for 48 hours at 28°, and the mycelium was harvested 
by centrifugation for 10 minutes at 1500 r.p.m., washed twice 
with 0.85% sodium chloride solution, suspended in M/15 phos- 
phate buffer (pH 7.0) and then incubated for 4 to 5 hours at 28° 
on a rotary shaking machine to deplete the mycelium of its high 
concentration of endogenous carbon reserves. The mycelium 
was then harvested by centrifugation, washed twice, and resus- 
pended in distilled water at a concentration equivalent to 8 to 
10 mg of dry mycelium per ml. Into a Warburg vessel were 
placed 1 ml of the washed mycelial suspension, 1 ml of distilled 
water, 0.3 ml of M/15 phosphate buffer (pH 8.1), 0.2 ml of 20% 
KOH (center well), and 0.5 ml of valine solution containing 20 
umoles (side arm). After 10 minutes equilibration at 30° the 
valine solution was tipped into the main compartment of the 
Warburg vessel and oxygen uptake was followed for 2 to 2.5 
hours. 

The actinomycin synthesized by S. antibioticus was extracted 
from culture fluids as previously described (8). For determina- 
tion of the composition of an actinomycin mixture, circular paper 
chromatography (8) was used, with the solvent system 10% 
aqueous sodium-o-cresotinate:n-dibutyl ether:symmetrical tet- 
rachloroethane (4:3:1). 


RESULTS 


Inhibition of Actinomycin Formation by p-Valine—The degree 
to which actinomycin synthesis is inhibited depends on the con- 
centration of p-valine used and the length of incubation of the 
organism (Fig. 1). Some variation in the concentration of 
p-isomer necessary to achieve a given level of inhibition was ob- 
served in different experiments; however, the general effect was 
consistently obtained. pt-Valine also had a striking effect upon 
actinomycin formation; the reduction in antibiotic titer is due 
solely to its p-valine content (Table I). 

Inhibition by exogenous p-valine appears to be directly related 
to antibiotic synthesis, since the amount of mycelium synthesized 
by S. antibioticus in the presence of inhibitory concentrations of 
the p-isomer was found to be similar to that formed with L-valine 
or no valine added (Table I). 

p-Valine proved an effective inhibitor when supplied before or 
during the course of actinomycin synthesis (Fig. 2). For ex- 
ample, the p-isomer (250 ug per ml), added to cultures of S. 
antibioticus after 3, 5, or 7 days of incubation, checked further 
synthesis of actinomycin. The antibiotic titer of the culture 
medium actually decreased during continued cultivation of the 
organism, presumably as a result of degradation of the anti- 
biotic previously formed. Destruction of actinomycin by the 
organism has been observed before (unpublished results). When 
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the p-isomer was supplied before actinomycin synthesis occurred, 140r 
it completely inhibited production for about 7 days; however, as 
shown in Fig. 2, the inhibition was overcome to some extent 120k re) 
during the late stages of cultivation. age 
Influence of t-Valine on Actinomycin Formation—.-Valine, ¥ fe) 
over a wide concentration range, was not inhibitory. In some Sl0or a“ 
a a 
- | 0 
i407 z “ 
— 80 On 
° Y , a ee ee 
= @ . 
be O 60k 
120 2 60 ~~ 
oO Ee 
ested = \00F 2 “ 
twice ~~ 
od 
ce) 20 — o 
phos- a 
at 28° z 80r + 4 
s high = 4 Q re) . acelin l j 
elium > 0 e 4 6 8 10 
resus- = 60 TIME IN DAYS 
» 8 to 2 Fig. 2. Influence of p-valine addition during actinomycin syn- 
were = thesis. Streptomyces antibioticus was grown in the basal medium; 
stilled k p-valine (250 ng/ml) was added as indicated by arrows: O, control 
20% Y 40F 2) e (no p-valine); A, 1 day; 0, 3 days; @, 5 days; A, 7 days. 
ng 20 100r e 
)° the 
of the 20 ° 
5 = e 
to 2.5 P £ 80F aan 
D 
racted fe) aS ae —¥ 
‘mina- | 3 > 7 9 i ' 
paper TIME IN DAYS z 60r PP 
1 10% Fic. 1. Inhibition of actinomycin synthesis by p-valine. O fe} 
al tet- Streptomyces antibioticus was grown in the basal medium to which > 
p-valine was added 24 hours after inoculation: O, control (no = 40k é 
p-valine), A, 10 ug/ml; 0, 50 ug/ml; @, 100 ug/ml; A 200 ug/ml. S o_o 
TABLE I . 9 P 
degree Influence of valine on actinomycin synthesis and growth < 20 at . 
ie con- of Streptomyces antibioticus 4 is) 
of the eo ell 
ion of Valine isomer | Concentration Sas : Inhibition or d ty ‘aft 0 . Q . “1 - 4 4 - 4 
ras ob- ee days stimulation a 5 — “a | 3 5 7 9 T 
ct was i ~ a TIME IN DAYS 
t upon : -_ 7 i ny ‘a a Fic. 3. Reversal of p-valine inhibition of actinomycin synthesis 
is due None 0 89 0 147.4 by t-valine. Streptomyces antibioticus was grown in the basal 
medium; valine added as follows: @, uL-valine, 1000 ug/ml after 
L- 10 89 0 144.0 1, 3, and 5 days cultivation; O, control (no valine); A, p-valine, 
related D- 10 60 —33 147.0 250 ug/ml after 1 day and .L-valine, 1000 ug/ml after 1, 3, and 5 
hesized DL- 20 65 98 days’ cultivation; 0, p-valine, 250 ug/ml after 1 days’ cultivation. 
ions of 
-valine L- 50 86 wf 151.5 experiments, particularly when L-valine was supplied at intervals 
D- 50 16 —82 155.6 during a fermentation, it appeared to stimulate actihomycin 
fore or DL- 100 14 —84 synthesis (Fig. 3), suggesting that formation of this amino acid 
‘or ex- may be rate limiting for actinomycin production. 
s of S. - 100 93 +5 155.0 In addition, the L-compound, at suitable concentrations, re- 
further - oe ; ae 157.5 versed the inhibition due to p-valine (Table II). When supplied 
culture cd - as a single addition, L-valine proved effective only in the early 
of the * These data are taken from a second experiment in which the Period of antibiotic production. This limited effect was at- 
e anti- actinomycin titer in the different test series was found to be tributed to the rapid metabolism of the L-compound in compari- 
by the higher. The per cent inhibition observed in the presence of p- 80n with its p-isomer. If L-valine was added to the culture at 
When valine was similar to that reported above, however. intervals throughout a fermentation, however, a reversal of 
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TaBLeE II 


Inhibition of actinomycin synthesis by p-valine and 
a-methyl-pu-valine and its reversal by L-valine 


Inhibition of Actinomycin Synthesis 

















| Inhibition of 
| ay 
Exp. No. Inhibitory amino acid Concentra- | 1 Valine ” 
After 3 | After 7 
| days days 
ug/ml =| = ug/ml % % 
1 None 0 | 0 o*; — 
p-Valine 10 | 0 65 _ 
10 | 1000 0 _— 
50 | 0 |100 | — 
50 500 76 — 
50 1000 12 _ 
250 0 100 _ 
250 500 88 _ 
250 1000 41 _ 
2 None 0 | 0 os 0* 
a-Methyl-pt-valine 500 | 0 — 17 
500 | 250 co 7 
500 | 500 | — 0 
3 None 0 | 0 a 0* 
a-Methyl-pi-valine 1000 | 0 _ 24 
100 | 50 | — 7 
1000 | 1000 — 2 

















* Actinomycin titer: after 3 days (Exp. 1), 29 ug per ml; and 
after 7 days (Exp. 2), 71 ug per ml and (Exp. 3), 86 ug per ml. 
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Fie. 4. Inhibition of actinomycin synthesis by a-methyl-pt- 
valine. Streptomyces antibioticus was grown in the basal medium; 
amino acid additions made at 26 hours after inoculation. O, 
control (no addition); a-methyl-pu-valine: 0, 250 ug/ml; A, 500 
ug/ml; @, 1000 ug/ml; A, D-valine, 250 ug/ml. 


p-valine inhibition could be achieved during 7 days’ production 
of actinomycin (Fig. 3). 

Metabolism of v-Valine by S. antibioticus—The fact that p-val- 
ine inhibition could be overcome, to some extent, toward the end 
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of the fermentation suggested that the organism either metab- 
olized the p-valine or produced a substance which antagonized it, 
Evidence has been obtained which indicates that the former pos- 
sibility is the correct one. 

A study of the utilization of either p- or t-valine by S. antibiot- 
tcus revealed that both compounds disappeared during a fer- 
mentation; the p-isomer, however, remained in the medium for a 
much longer period than an equivalent amount of the L-com- 
pound. For example, at a level of 250 ug per ml t-valine was 
no longer detected after 2 days, whereas 7 days were required 
for complete utilization of the p-amino acid. It was noted that 
within a day after the disappearance of the p-isomer, synthesis 
of actinomycin occurred. 

The oxidation of p- and u-valine by washed suspensions of §, 
antibioticus substantiated the results obtained with growing cells. 
Qo, values at pH 8.1 were: L-valine, 5.1; p-valine, 1.5. 

Effect of a-Methyl-pt-valine on Actinomycin Formation—a- 
Methyl-pt-valine, a valine analogue which inhibits penicillin 
biosynthesis (5, 6), also prevents actinomycin formation (Fig. 4). 
The inhibition observed was not as striking as that seen with 
p-valine, however. 

As shown in Table II, t-valine also reversed the inhibition 
caused by a-methyl-pt-valine. p-Valine did not bring about a 
reversal of methylvaline inhibition; moreover, when both com- 
pounds were supplied simultaneously, the inhibitory effect 
proved to be an additive one. 

Inhibition of Actinomycin Formation by p-Isoleucine and 
p-Alloisoleucine—v-Alloisoleucine and p-isoleucine, but not L-iso- 
leucine, also were inhibitory to actinomycin formation (Table 
III). As observed with p-valine, the extent to which antibiotic 
production is inhibited depends on the concentration of the 
p-isomer used and the length of incubation of S. antibioticus. 

Moreover, synthesis of new actinomycins occurred in the pres- 
ence of L- or D-isoleucine. The formation of new actinomycins 
when the p-isomer was supplied was totally unexpected in light 
of the marked inhibition of actinomycin formation by this com- 
pound. In spite of the low yields of actinomycin in the presence 
of p-isoleucine, the mixtures formed contained appreciable 
amounts of the new components (Fig. 5). On the basis of 


TaBLeE III 


Inhibition of actinomycin synthesis by p-tsoleucine 
and p-alloisoleucine 











Inhibition of actinomycin 
production 
Inhibitory amino acid Concentration 
After 4 days |After 10 days 
ug/ml % % 
None 0 0* 0* 
p-Isoleucine 25 46 3 
50 63 13 
100 91 33 
250 94 84 
p-Alloisoleucine 25 51 17 
50 86 39 
250 100 77 
| 500 100 94 











* Actinomycin titer: 
days, 90 ug per ml. 


after 4 days, 35 ug per ml, and after 10 
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Fic. 5. Synthesis of new actinomycins by Streptomyces anti- 


bioticus in the presence of D- or L-isoleucine. S. antibioticus was 
grown in the basal medium to which p- or L-isoleucine was added 
1 day after inoculation. The actinomycin mixture synthesized 
was harvested 6 days later and was separated by circular paper 
chromatography. Diagram shows the composition of each actin- 
omycin mixture reading from just beyond the origin to the 
periphery of the chromatogram. A, basal medium: actinomycins 
I, III (trace), IV, V, and an unidentified component. B, basal 
medium plus L-isoleucine: actinomycins I, III (?), IV, and 3 addi- 
tional components. C, basal medium plus p-isoleucine: actino- 
mycins I, IV, and 4 additional components. 


chromatographic evidence, the actinomycins synthesized in the 
presence of D- or L-isoleucine appear to be the same. 


DISCUSSION 


The observation that t-valine reverses the inhibitory effect of 
p-valine and a-methyl-pL-valine, and may even stimulate actin- 
omycin formation, suggests that L-valine, in preference to p-val- 
ine, is used for synthesis of the p-valine present in an actinomycin 
molecule. It should be possible through studies with isotopically 
labeled p- and t-valine to provide a more conclusive answer to 
this question. 

At the present time it is not possible to decide at what point 
in the synthesis of the actinomycin peptides the biogenesis of 
D-valine occurs. One would like to know whether it arises after 
formation of peptide bonds or is synthesized before their forma- 
tion. Arnstein and Margreiter (6) have suggested that the 
p-configuration of amino acid residues in polypeptides and related 
compounds probably arises biogenetically after the formation of 
peptide bonds, rather than by utilization of free p-amino acids. 
In this connection it was shown recently that there is a greater 
utilization of L-cystinyl-L-(carboxy-C™) valine than L-(carboxy- 
C") valine for penicillin synthesis, and that no measurable up- 
take of the L-cystinyl-p-(carboxy-C™) valine peptide occurred 
(10). It was concluded that utilization of the L-valine peptide 
for penicillin synthesis is not simply a result of its hydrolysis to 
free valine. The conversion of L-valine to its D-isomer may occur 
after synthesis of the L-cystinyl-t-valine peptide by Penicillium 
chrysogenum. 
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Conceivably, t-valine may be similarly converted to its D-iso- 
mer after introduction of the former compound into an actino- 
mycin peptide. It was considered that the biogenesis of p-valine 
and other p-amino acids might occur via a transamination reac- 
tion involving the appropriate a-keto acid and a D-amino acid 
as amino donor. Thus far, it has not been possible to obtain 
evidence for the formation of D-amino acids by way of this 
mechanism with the use of cell-free extracts of S. antibioticus. 
Such extracts form t-glutamic acid when certain L-amino acids 
and a-keto glutaric acid are used, however. That free p-amino 
acids are formed by transaminase catalyzed reactions has been 
clearly demonstrated by Thorne et al. (11, 12) with cell-free ex- 
tracts of Bacillus subtilis and B. anthracis. 

Demain(5) has shown that p-valine is an inhibitor of penicillin 
synthesis. From the present work it is evident that p-valine is 
also an effective inhibitor of actinomycin formation. However, 
the site and nature of this inhibition, as in the case of penicillin, 
remains uncertain. 

The addition of pt-isoleucine to a chemically defined medium 
in which S. chrysomallus or certain other actinomycin-producing 
Streptomyces were growing resulted in the synthesis of new bio- 
synthetic actinomycins (13). ‘Two such compounds (designated 
E; and E,), synthesized by S. chrysomallus, were shown to con- 
tain N-methylisoleucine instead of N-methylvaline. Thus, it 
appears that the organism, after methylating isoleucine, cannot 
distinguish between it and endogenously synthesized N-methyl- 
valine. When the former amino acid is incorporated as the 
terminal amino acid of one or both actinomycin peptide chains, 
new biosynthetic compounds are formed. In a previous report 
(9) it was noted that increased synthesis of a component normally 
produced in trace amounts occurred in the presence of L-isoleu- 
cine. It is now clear, on the basis of our recent chromatographic 
studies, that a number of new compounds are synthesized by S. 
antibioticus when isoleucine is added to the medium. This 
amino acid may similarly be introduced into the actinomycin 
peptides in the form of N-methylisoleucine. 


SUMMARY 


p-Valine, p-isoleucine, D-alloisoleucine, and a-methyl-pL-valine 
inhibit actinomycin synthesis by growing cells of Streptomyces 
antibioticus. u-Valine reversed the inhibition due to p-valine 
and a-methyl-pt-valine and, when used alone, proved stimula- 
tory to actinomycin synthesis. The inhibitory effect of p-valine 
appears to be directly related to antibiotic synthesis, since no 
decrease in the amount of mycelium produced in the presence of 
this compound was observed. New biosynthetic actinomycins 
were formed in the presence of pD- and L-isoleucine. It is con- 
cluded that L-valine rather than its p-enantiomorph is the pre- 
cursor of the p-valine in an actinomycin molecule. 
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Although a few strains of animal cells have been serially prop- 
agated in a chemically defined and protein-free medium (1-8), 
the generality of cultured cells requires the presence of serum 
protein in the medium. Neither the role of the protein, nor the 
molecular species involved, is clear. Although serum albumin 
has been found necessary, it alone does not usually suffice for 
growth (9-14). An a-globulin has been reported to permit the 
adhesion of the cells to a glass surface and their subsequent flat- 
tening, but there is disagreement as to its specific identification 
(12-14). Further, serum globulin is as necessary for cells grow- 
ing in suspension as it is for monolayer cultures, showing that 
adhesion to glass is not its only function. 

The provision of amino acids is clearly not the essential role 
of the protein, since the requirement for the latter is not elimi- 
nated by the addition of a complete spectrum of the amino acids. 
Quantitative considerations also make it unlikely that the pro- 
tein is an important source of amino acids in cell cultures. When 
dialyzed serum is added at the effective 5% level to a growth 
medium, most of the component amino acids of the protein are 
being added at a 5 to 50 mM concentration. As little as a 2% 
breakdown of the serum protein by a cell culture to amino acids 
or utilizable peptides (15) would therefore provide all the amino 
acids in 0.1 to 1 mm concentrations. Nevertheless, in a medium 
containing 5% dialyzed serum, 13 amino acids are essential for 
survival and growth; and of these, some (e.g. cystine, tryptophan, 
tyrosine, and histidine) are definitely growth promoting at con- 
centrations as low as 0.005 mm (16). 

Consistent with these findings, it has recently been shown by 
Katsuta et al. (17) that I!-labeled bovine serum protein is not 
incorporated to a significant degree into cultured rat ascites 
hepatoma cells. There have been, however, a number of reports 
(18-24) that proteins in the medium are in fact incorporated into 
cell protein, with or without their prior degradation to the amino 
acid level; indeed, as much as two-thirds of the cell protein has 
been estimated to derive from the protein of the medium (19, 21). 
This degree of protein utilization is difficult to reconcile with 
the requirement for at least 13 amino acids by every cultured 
mammalian cell so far examined; and the present experiments 
were undertaken in an attempt to resolve the paradox. As will 
be shown, under the conditions used here the serum protein in 
the medium served to only a negligible degree as a source of cell 
protein; at least 94 to 97% of the latter derived from the free 
amino acids of the medium. 


* Laboratory of Cell Biology, National Institute of Allergy and 
Infectious Diseases. 


+ National Institute of Dental Research. 


METHODS AND MATERIALS 


Labeled Proteins—Three types of labeled protein preparations 
were used in the present experiments (cf. Table I). 

(1) An extract of sonically-disrupted cells that had been 
grown in a medium (16, 25) containing randomly C"*-labeled 
phenylalanine. The preparation was dialyzed against H,O for 
24 hours to remove free amino acids and dialyzable peptides, 
centrifuged for 30 minutes at 27,000 X g to remove the coarser 
particulates, and sterilized by ultraviolet irradiation for 10 min- 
utes. The final solution of labeled protein and other nondialyza- 
ble cell components was added to the basal medium to a final 
concentration of 0.0126 mg of N per ml. 

(2) Multiply labeled rabbit sera A and B were prepared by 
administering to rabbits intravenous injections of a randomly 
labeled yeast hydrolysate (Schwarz Laboratories). For serum 
A, each of 3 rabbits received 7 ye twice daily for each of 3 days. 
For serum B, each of 2 rabbits received 10 we three times daily 
(9'a.m., 5 p.m., and 11 p.m.) for 3 days, and once on the fourth 
day. All rabbits were bled by cardiac puncture for 50 ml each 
morning before the first injection, and were bled out 8 hours 
after the single injection on the fourth day. Approximately 
35% of the total C' in the serum protein proved to be in the 
lysine residues. 

(3) For the preparation of specifically lysine-labeled serum, 
two rabbits were given injections five times daily (9 a.m., 11 
a.m., 2, 5 and 9 p.m.) with randomly labeled C**-L-lysine 
(Schwarz Laboratories) (0.35 uc per injection on days 1 and 2; 
0.7 ue per injection on day 3, and 0.9 ue per injection on day 4). 
The rabbits were bled for 40 ml at 9 a.m. on days 3 and 4, before 
the first injection, and were bled out on day 5. 

All the labeled sera were dialyzed for 24 hours against running 
tap water before use, isotonicity being restored by the addition 
of +45 volume of 2.8 m NaCl. As indicated in Table I, in some 
experiments they were mixed with unlabeled dialyzed serum 
before use. In all the experiments, the serum was added to a 
final concentration of 5%, representing 0.26 to 0.38 mg of protein 
N per ml of medium. 6 

Cell Cultures—The HeLa cell strain, and a derived clone (S 3) 
were used throughout the present experiments in monolayer cul- 
ture adherent to glass as previously described (16, 25, 26), In 
the experiments involving the use of labeled rabbit serum the 
cells were previously acclimatized by the progressive substitu- 
tion of rabbit serum for the dialyzed human serum originally 
used. For these experiments, 1- to 5-liter Blake bottles were 
inoculated with approximately 1 to 2 X 10 cells in a total of 80 
ml of growth medium supplemented with 5% dialyzed rabbit 
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TaBLeE I be lak 
Minor utilization of protein for growth of human cell cultures actua 
Cell growth | 5 1. 
Dialyzed C-labeled precursor protein eo ¢ ws | eae oo. ae, flasks 
Initial Final from precursor simul 
| . 
c.p.m./mg N mg protein N c.p.m./mg N % laid : 
Dialyzed preparation from C'*-labeled (1)2 4.84 7.56 1033 3.4 a 
HeLa cells (2) 4.84 7.5 1733 5.7 ; 
30,500 (3) 4.84 4.1 198° and | 
| (4) 4.84 2.91 151° “ 
resen 
Rabbit serum A 1,440¢ 1.22 24.2 55.7 . fluid 
1,8574 0.66 7.81 97.2 5.2 fifth 
actus 
Rabbit serum B | 3,120 (192)¢ 0.153 2.42 175 (10.7)¢ 5.6 (5.6) 2. 
| 0.145 6.15 196 (11.6)¢ | 6.3 (6.0) ‘eins 
1,807¢ 0.063 1.94 75.7 | 4.2 cn dh 
| sis € 
Rabbit serum C | 95.4¢ 0.66 8.55 37 3.9 is ad 
86.7¢ | 0.32 6.27 5.4 | 6.2 hei 
ae ee ee re eee after 
2 (1) = Complete growth medium, supplemented with 5% dialyzed normal human serum. In tl 
(2) = Complete growth medium, no serum supplement. in th 
(3) = Deficient medium (lacking cystine, isoleucine, leucine, methionine, threonine, valine) supplemented with 5% dialyzed nor- was 
mal human serum. of th 
(4) = Deficient medium, no serum supplement. this ' 
+’ Counts per minute in residual cell protein. 3. 
¢ The C'*-labeled serum was mixed with an equal volume of unlabeled rabbit serum (a different lot in each experiment). den 
4 The values in parentheses are the c.p.m./umole of lysine isolated from the protein hydrolysate. iets 
serum. Twenty-four hours later, after the cells had adhered to a growth medium containing dialyzed human serum, 3.4% of the ye 
the glass, the medium was replaced with one containing the newly synthesized cell protein derived from the labeled source yore 
labeled serum protein at a final concentration of 0.26 to 0.38 mg judged by their specific activities (c.p.m. per mg of protein N). a 
of protein N per ml. The medium was replaced every 2 to 3 This proportion was increased to 5.7% when the serum protein : 4 
days, and the cells were harvested when the cultures were fully was omitted from the medium (second line of table). If several duri 
grown, after 5 to 8 days. As indicated in Table I, the degree of essential amino acids were omitted from the medium, there was sett 
cellular multiplication varied from 15- to 41-fold. no net synthesis of cell protein, and the amount of C'*-phenyl- me 
For the experiments with a labeled cell extract, almost fully alanine incorporated into the cells was sharply reduced. TI 
grown cultures were overlaid with various media (cf. Table I), In the foregoing experiment there had been only a 50% in- cell 
all containing the cell extract at a final concentration of 0.0126 crease in cell protein during the 2 days of exposure to the labeled with 
mg of protein N per ml. The cells were harvested after 2 days protein. In the following experiments of Table I, in which the ree 
of incubation, when they had increased only 1.5-fold in the com- cultures were grown in C-labeled rabbit serum for 5 to 8 days, att 
plete growth media, and had partially sloughed off in media with repeated changes of medium, the cell protein N increased poss 
lacking some essential amino acids (cf. top 4 rows in Table I). 15- to 41-fold. The results were, however, qualitatively similar ma 
Determination of Cell Protein Content and Radioactivity—The in that the labeled protein of the medium again accounted for i 
adherent cell layer was washed with Earle’s salt solution, and only 3.9 to 6.3% of the cell protein synthesized. It is significant T 
scraped into cold 8% trichloroacetic acid. In some experiments that the degree of protein utilization was the same whether aie 
the precipitate was dissolved in cold alkali, the trichloroacetic calculated on the basis of the total radioactivity per mg of pro- pm 
acid removed with ether, and the solution used directly for tein N, or on the basis of the specific activity of the lysine residues os? 
measurements of radioactivity (25) and N content (nesslerization in hydrolysates of the serum and cell protein. In all these ex- oak 
of a Kjeldahl digest). In other experiments, the cold trichloro- periments with C-labeled rabbit serum, less than 0.2% of the ak 
acetic acid residue was defatted with ethanol and ether, and ex- total radioactivity of the medium protein was recovered in the ei 
tracted with hot trichloroacetic acid before solution in alkali. cell protein. the 
For the determination of the specific activity of isolated amino fied 
acids, the trichloroacetic acid residue was hydrolyzed in a sealed DISCUSSION a 
tube in 6 n HCl at 121° for 18 hours, the acid removed, and the alain aan sienna Slim aia siete ind os 
amino acids in the hydrolysates separated by column chroma- — py isan I sant a . 
ies . - aioe medium which contained only those components demonstrably mal 
tography (27), preliminary to ninhydrin determination and the ; ne ; : 
manmasement of radioactivity. essential for survival and grow th, a cultured human cell derived 1 
only 3 to 6% of its nutritionally essential amino acids from the 
RESULTS proteins of the medium, and instead used the preformed amino 
In the first experiment of Table I, when a C'-phenylalanine- acids. Even this value is probably erroneously high, as there 
labeled preparation from sonically disrupted cells was added to are at least four ways in which the cellular protein can apparently 
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be labeled from a medium containing C'*-labeled protein, without 
actually using that protein for cell synthesis. 

1. The entrapment of medium with the cell layer of the culture 
flasks would contaminate the cell protein with serum protein, and 
simulate incorporation. When fully grown cultures were over- 
laid with medium containing labeled rabbit serum A, and washed 
5 minutes later one, two, or three times with 30 ml of salt solu- 
tion, the residual counts in the cell protein indicated a 5, 0.5, 
and 0.5% contamination of cell protein with serum protein, 
respectively. The degree of contamination after 2 washes rep- 
resents the entrapment of approximately 0.036 ml of culture 
fluid in the cell layer of each bottle, and would account for one- 
fifth to one-tenth of the apparent incorporation observed in the 
actual growth experiments. 

2. Preformed amino acids, either reversibly bound to the pro- 
teins of dialyzed serum, or formed from these proteins by hydroly- 
sis during storage,’ become available to the cell when the serum 
is added to the medium. Thus, the concentration of free lysine 
in trichloroacetic acid extracts of sterile dialyzed human serum 
after storage at 2° for 1 to 3 weeks is on the order of 0.03 mm.! 
In the serum B experiment of Table I, at a 5% level of serum 
in the medium, the total amount of free C'*-lysine in the medium 
was 3 of that actually incorporated into cell protein. If 30% 
of the amino acids of the medium had been utilized for growth, 
this would have accounted for 4 of the observed incorporation. 

3. The direct engulfment of fluid from the surrounding me- 
dium, including its dissolved materials (pinocytosis) has been 
described in mammalian cells (28). Inthe case of amoeba (Chaos 
chaos) this fluid may represent as much as 30% of the cell volume 
per hour (29). Unchanged serum protein transported into the 
cell by a process of pinocytosis would, in the present experiments, 
obviously simulate its utilization for the synthesis of cell protein. 

4. If some of the serum protein of the medium were denatured 
during the period of incubation, the precipitated protein would 
settle onto the cells and adhere, and would be measured as cell 
protein in the final harvest. 

These four sources of error, leading to the contamination of 
cell protein with either serum protein or its breakdown products, 
without the protein being actually utilized by the cell, could ac- 
count for a large proportion of the observed transfer of radio- 
activity from the serum protein of the medium to the cells. The 
possibility may be considered that under the conditions of the 
present experiments, serum protein is not utilized to a significant 
degree for the synthesis of cell protein. 

The data here reported do not necessarily conflict with the 
several observations that proteins of the medium are broken 
down or otherwise altered in cell cultures to compounds which 
no longer react as the original protein (19, 21-23). In the pres- 
ent experiments, it was clear, however, that such protein-derived 
residues were not used to an important degree for the synthesis 
of cell protein. This lends further support to the thesis that 
the serum protein serves primarily as a carrier for as yet unidenti- 
fied essential growth factors. The degree to which these findings 
in dispersed HeLa cell cultures are generally valid, and the degree 
to which they obtain in explant cultures of organized tissue, re- 
main to be determined. 


1 H. Eagle and K. A. Piez, unpublished observations. 


H. Eagle and K. A. Piez 








SUMMARY 


When HeLa cel] cultures were grown in a medium containing 
C-labeled serum protein, or nondialyzable extractives of C'- 
labeled cells, only 3 to 6% of the protein synthesized by the cell 
derived from the protein of the medium. As discussed in the 
text, the several opportunities for contamination of the cell pro- 
tein with medium protein or its products (mechanical entrap- 
ment; pinocytosis; protein denaturation; utilization of protein- 
derived but preformed amino acids) make this a maximal value. 
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Several normal metabolites, including isoleucine (1), valine (2), 
proline (3), cytidine 5’-phosphate (4), and certain of the purine 
ribonucleotides (5), have each been found to inhibit the action 
of an early enzyme functioning in its own biosynthetic pathway. 
Umbarger (1) has suggested that this kind of inhibition consti- 
tutes a negative feedback loop which permits a metabolite to 
maintain itself at a constant intracellular level. It appeared 
that such a feedback loop might be a site for the action of an 
antimetabolite, which could then prevent the biosynthesis of the 
corresponding normal metabolite by mimicking the latter’s spe- 
cific feedback inhibition (4). If the antimetabolite, in addition, 
were unable to mimic the positive functions of the metabolite 
(as a building block for macromolecules, coenzymes, etc.) inhibi- 
tion of cell growth should result. 

Evidence that an antimetabolite can mimic the feedback effect 
of the normal metabolite has been obtained by Gots and Gollub 
(6), who found that not only the natural purines, but also several 
of their analogues, can inhibit the excretion of intermediates of 
purine biosynthesis by purine auxotrophs. Similarly Pardee and 
Prestidge (7) found that azatryptophan, as well as tryptophan, 
inhibit the excretion of anthranilic acid by tryptophan auxo- 
trophs. Trudinger and Cohen (8) had previously shown that 
such excretion was sensitive to 4-methyltryptophan. In a pre- 
liminary communication describing false feedback inhibition of 
enzymatic reactions Moyed and Friedman (9) reported that 
tryptophan and 6-fluorotryptophan are both inhibitors of the 
condensation of anthranilic acid with 5-phosphoribosy] 1-pyro- 
phosphate an essential step in tryptophan biosynthesis. Simi- 
larly, both 2-thiazole alanine and histidine were found to be in- 
hibitors of an early step in histidine biosynthesis. 

In the further study of the feedback control of tryptophan 
biosynthesis as a possible site of antimetabolite action it became 
necessary to use another analogue. 5-Methyl-pL-tryptophan 
was examined and found to mimic the inhibitory effect of trypto- 
phan on an earlier reaction in tryptophan biosynthesis. This 
paper presents evidence that such false feedback inhibition is the 
basis for the bacteriostatic action of 5-methyltryptophan. 


MATERIALS AND METHODS 


Chemicals—ATP (Pabst Laboratories), glutamine, and ribose 
5-P (Schwarz Laboratories); 5-phosphoribosyl 1-pyrophosphate 
and 5-methyl-pi-tryptophan (Sigma Chemical Company); L- 


* This work was supported in part by grants from the Milton 
Fund of Harvard University and from the United States Public 
Health Service (Grant No. RG-6059). 

+ A preliminary report of this work has appeared (see refer- 
ence 6). 


tryptophan (California Biochemical Corporation), indole and 
anthranilic acid (Eastman Chemical Company) were commercial 
preparations. The barium salt of shikimic acid 5-phosphate 
was a gift of Dr. Bernard D. Davis. 

Growth of Bacteria—The organisms used were Escherichia coli 
strain W and its variants, strain 5-MT-Re, which is resistant to 
the bacteriostatic action of pL-5-methyltryptophan, and strain 
M 19-2, a tryptophan auxotroph which excretes anthranilic acid. 
They were grown with vigorous aeration by rotary shaking. 
The minimal medium employed contained per liter: 18.9 g of 
Na2HPO,-7H.0, 6.3 g of KH2POx,, 0.2 g of MgSO,-7H;0, 0.01 g 
of CaCl, and 2 g of (NH,).SO,. For cultivation of strain M 
19-2, 10 mg of tryptophan was added per liter of medium. After 
this mixture was sterilized by autoclaving, 10 ml of a sterile 
20% solution of glucose were added. (In some instances 2 g per 
liter each of Bacto Yeast Extract and of Bacto Casamino Acids 
were added.) Turbidity of the cultures was measured in Klett- 
Summerson colorimeter with a purple filter (No. 42). Growth 
is expressed as ug of dry weight of bacteria per ml of culture 
based on a previous calibration relating the turbidity of a cul- 
ture to its dry weight. 

Preparation of Extracts—Suspensions containing 2 g (wet 
weight) of cells in 12 ml of 0.03 m potassium phosphate buffer 
at pH 7.4 were subjected to sonic oscillation at 10 ke. for 5 min- 
utes in a magnetostrictive oscillator (Raytheon). Intact cells 
and large fragments were removed by centrifugation at 25,000 
X g. 

Enzymatic Synthesis of Anthranilic Acid—The method of 
Srinivasan (10) was used with slight modification. The reaction 
mixtures contained per ml: 40 umoles of Tris buffer at pH 8.0, 
5 umoles of MgCl., 0.5 umole of DPN, 6.0 umoles of glutamine, 
1 umole of shikimic acid 5-phosphate unless otherwise indicated, 
and a varying amount of bacterial extract. Anthranilic acid 
was estimated by either the Bratton and Marshal method for 
arylamines or by its fluorescence (activation \ = 310 muy, fluo- 
rescent A = 409 my) with an Aminco-Bowman spectrophoto- 
fluorometer. 


RESULTS 


L-Tryptophan and 5-Methyl-px-tryptophan as Enzyme Inhib- 
itors—In a previous communication (8) it was reported that 
tryptophan and one of its analogues, 6-fluorotryptophan, in- 
hibited the enzymatic condensation of anthranilic acid with 
5-phosphoribosyl 1-pyrophosphate, an essential reaction for the 
biosynthesis of tryptophan. However, in further studies of this 
reaction as a possible site of action for tryptophan analogues it 
has been found that 5-methyltryptophan, in contrast to 6-fluoro- 
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tryptophan, has no inhibitory effect. 
tryptophan, as will be shown in a subsequent section, causes 
bacteriostasis under conditions which suggest that it too acts by 


Nevertheless, 5-methyl- 


inhibiting an early step in the biosynthesis of tryptophan. Such 
an early step is the formation of anthranilic acid. Srinivasan’s 
(10) recent description of anthranilic acid synthesis in extracts 
made it possible to investigate this reaction as a possible site 
for the action of 5-methyltryptophan. 

Extracts of cells which had been grown in the mineral salts- 
glucose medium supplemented with yeast extract and acid-hy- 
drolyzed casein were used to study the effect of 5-methyltrypto- 
phan and of tryptophan on anthranilic acid formation. The 
rates of anthranilic acid synthesis were determined at four dif- 
ferent levels each of tryptophan and of 5-methyltryptophan. 
The amount of each compound which causes 50% inhibition 
was estimated from a graph of the data. The results of these 
experiments are summarized in Table I. Both tryptophan and 
5-methyltryptophan are potent inhibitors of anthranilic acid 
synthesis. The normal metabolite is about 4 times as effective 
as the analogue. The inhibition by either compound is essen- 
tially independent of the concentrations of the substrates, shi- 
kimie acid 5-phosphate and glutamine. These results might 
suggest that tryptophan and 5-methyltryptophan are noncom- 
petitive inhibitors of anthranilic acid synthesis. However, such 
a conclusion is not yet warranted singe the formation of anthra- 
nilic acid is undoubtedly a multi-step process, and the properties 
of the sensitive step, particularly its reactants, are still unknown. 

Inhibitory Effects of 5-Methyltryptophan on Intact Cells—As 
might be expected from its action on cell-free preparations, 5- 
methyltryptophan is a potent inhibitor of anthranilic acid syn- 
thesis by intact cells. Unfortunately, it is not possible to obtain 
dose response curves for the partial inhibition of growth or of 
anthranilic acid synthesis by cells as these organisms rapidly 
convert 5-methyltryptophan by transamination to the corre- 
sponding keto acid which is nontoxic (11). However, the dura- 
tion of the inhibitory effects of a given concentration of the ana- 
logue can be determined. The excretion of anthranilic acid by 
suspensions of a tryptophan auxotroph, strain M 19-2, derived 
from FE. coli W, was completely inhibited for about 90 and 150 
minutes by 2 and 4 ywg per ml of 5-methyltryptophan (Fig. 18). 
These amounts of the analogue caused maximum inhibition of 
the growth of the parent strain, W, for almost identical intervals 
of time (Fig. 1A). The average concentrations of cells during 
both experiments were similar. The observations that the du- 
ration of maximum inhibition in both experiments was the same 
are suggestive of a cause and effect relationship between the in- 
hibitory actions of 5-methyltryptophan on anthranilic acid syn- 
thesis and on growth. 

Antagonism of Bacteriostatic Action of 5-Methyltryptophan— 
If 5-methyltryptophan does in fact inhibit growth by blocking 
the synthesis of anthranilic acid, and hence of tryptophan, then 
the bacteriostatic action of the analogue should be antagonized 
by tryptophan in a noncompetitive manner. However, the 
nature of the relationship between tryptophan and 5-methy!- 
tryptophan cannot be demonstrated unambiguously as these two 
compounds gain entry into the cell by way of a common permea- 
tion mechanism (11). Thus competition between the two com- 
pounds for entry into the cell might mask the actual site of ac- 
tion of the analogue. For this reason indole, a compound with 
a presumably independent site of entry and readily converted to 
tryptophan within the cell, was used to antagonize the bacterio- 
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TABLE I 


Inhibition of conversion of shikimic acid 5-phosphate and glutamine 
to anthranilic acid 

The assay system described under ‘‘Materials and Methods’’ 
was used for the determination of anthranilic formation except 
that the indicated amounts of shikimic acid 5-phosphate and glu- 
tamine were employed. In the absence of inhibitors 45 to 50 
mymoles of anthranilic acid were produced in one hour by 0.1 ml 
of extract from the indicated amounts of substrates. 














Substrates Inhibitors, amounts causing 50 % inhibition 

Shikimic acid 7 : | 

5-phosphate Glutamine 5-Methyltryptophan Tryptophan 

M M M M 

5 X 10-4 3 X 1072 1.4 X 10-4 2.3 X 10-5 

5 X 10-4 6 X 10-3 1.0 X 10-4 2.4 X 10-5 
1x IO 3X10? | 1.1 10-¢ 2.0 X 10-5 
ix 7o™ 6 X 10-3 0.8 X 10-4 2.6 X 10-5 








static action of 5-methyltryptophan. It was found that the 
amount of indole necessary for half-maximal growth in the pres- 
ence of 5-methyltryptophan is not influenced by the level of the 
analogue (Table II). Thus indole, and by inference tryptophan, 
is a noncompetitive antagonist of 5-methyltryptophan. 
Characteristics of 5-Methyltryptophan-resistant Mutant—lf the 
principal action of 5-methyltryptophan is inhibition of anthra- 
nilic acid synthesis it is reasonable to expect that at least some 
organisms which develop resistance will do so by producing an 
anthranilic acid-forming system with decreased sensitivity to the 
analogue. To test this expectation several resistant organisms 
were selected by inoculating about 108 cells of EZ. coli W on min- 
imal medium containing 2% agar and 2 X 10-* m 5-methyl- 
tryptophan. By 20 hours, the interval required for colony de- 
velopment on noninhibitory media, several resistant colonies 
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Fic. 1A. Inhibition of growth by 5-methyltryptophan. The 
inoculum was an exponentially growing culture of Eschertchia coli, 
strain W. Minimal medium was employed. B. Inhibition of an- 
thranilic acid excretion by 5-methyltryptophan. The organism 
was a tryptophan auxotroph of Escherichia coli W, strain M 19-2, 
blocked between anthranilic acid and indole. The cell suspension 
(55 mg dry weight of bacteria per ml of minimal medium) was 
aerated by shaking as in growth experiments. At intervals the 
fluorescence of the suspensions was measured at the activation 
and emission maxima of anthranilic acid, 310 mp and 409 my, re- 
spectively. Fluorescence is expressed in arbitrary units. One 


unit is equal to 1 wg of anthranilic acid per ml. 
@——®@, No additions; O——O, 2 ug of 5-methyltryptophan 
A 4 ug of 5-methyltryptophan per ml. 





per ml; A 
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Taste II 
Antagonism of bacteriostatic effect of 5-methyliryptophan by indole 
The inoculum was an exponentially growing culture of Escher- 
ichia coliW. The initial bacterial densities were equivalent to 6 
ug per ml (Experiment 1), and 4 ug per ml (Experiment 2). Mini- 
mal medium was used for each determination. The duration of 
Experiments 1 and 2 were 4 and 5 hours, respectively. 















































Indole (ug/ml) 
5-Methyltryptophan 0 | 0.1 | 0.2 | 0.3 | 0.4 | 0.6 
Growth (dry wt.) 
ug/ml ug/ml 
Experiment 1 
0 82 
0.2 50 
0.4 25 
0.6 15 
0.8 8 
1.0 11 10 22 41 50 
2.0 10 14 29 34 49 
3.0 10 17 29 38 46 
4.0 10 19 27 36 44 
Experiment 2 | 
0 129 | 
1 5 | 38 70 | 87 
1.5 5 40 62 80 
2.0 6 40 65 82 
2.5 8 | 42 | 68 | 80 
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5-CH, TRYPTOPHAN (Mx 10-4) 


Fig. 2. Inhibition of anthranilic acid synthesis by 5-methyl- 
tryptophan in extracts of the 5-methyltryptophan resistant strain, 
5-MT-Re, and of the sensitive strain, W. Extracts were prepared 
from cells which had been grown in a glucose-mineral salts medium 
supplemented with Bacto Yeast Extract and Bacto Casamino 
Acids (an acid hydrolysate of casein). The assay system de- 
scribed under ‘‘Materials and Methods” was used for the deter- 
mination of anthranilic formation. In the absence of an inhibitor 
51 and 60 umoles of anthranilic acid were produced in 1 hour by 0.1 
ml of an extract of strain W and of strain 5-MT-R.g, respectively. 


had appeared. Stock cultures of these were prepared. Colonies 
which developed after 20 hours were disregarded. (The choice 
of only those mutants which developed colonies rapidly on the 
first exposure to the inhibitor reduces the chance of selecting 
strains which have undergone more than one mutation.) Colony 
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TRYPTOPHAN (Mx1074) 


Fig. 3. Inhibition of anthranilic acid synthesis by tryptophan 
in extracts of the 5-methyltryptophan resistant strain, 5-MT-R,, 
and of the sensitive strain, W. Experimental details are the 
same as for Fig. 2. 


formation by each of these strains is unaffected by 2 x 107 mu 
5-methyltryptophan, whereas 2 X 10-* m 5-methyltryptophan 
is sufficient to prevent colony formation by the parent strain. 

A decrease in sensitivity to the bacteriostatic effect of 5-meth- 
yltryptophan was accompanied by decreased sensitivity to its 
inhibitory effect on the enzymatic synthesis of anthranilic acid. 
A resistant mutant, strain 5-MT-Re, produces an anthranilic 
acid-forming system which is 6-fold less sensitive to the analogue 
than that of the parent organism, strain W (Fig. 2). There isa 
similar change in the sensitivity of anthranilic acid synthesis to 
its normal feedback inhibitor, tryptophan. Ten times as much 
tryptophan is necessary for 50% inhibition of anthranilic acid 
synthesis in extracts of strain 5-MT-Rg as in extracts of strain 
W (Fig. 3). 

An additional difference between the two organisms has been 
observed which probably contributes to the difference in their 
resistance. Strain 5-MT-Rz, produces 10 times more of the 
enzyme necessary for the synthesis of anthranilic acid than strain 
W when both are grown in a mineral salts-glucose medium. An 
extract of strain 5-MT-R, formed 16 myumoles of anthranilic 
acid per mg of protein in an hour, whereas an extract of strain 
W formed only 1.5 mumoles of anthranilic acid.1. An increased 
capacity for the synthesis of anthranilic acid by 5-methyltrypto- 
phan resistant mutants has also been reported by Cohen and 
Jacob (12). 

Strain 5-MT-Rg, unlike strain W, excretes small amounts of 
tryptophan into its medium. The excretion was first detected 
by the fact that a mutant with a specific requirement for trypto- 
phan grows in the immediate vicinity of colonies of strain 5- 
MT-Rgs. The fluorescent spectra of the culture fluids of the 


1 The growth of strain W in a medium supplemented with yeast 
extract and acid-hydrolyzed casein caused a 40-fold increase in its 
ability to synthesize anthranilic acid. Strain 5-MT-Rg was stimu- 
lated 4-fold. In a typical experiment an extract of strain W pre- 
pared from cells grown in the supplemented medium formed 64 
mymoles of anthranilic acid per mg proteinin an hour. Under the 
same conditions an extract of strain 5-MT-R¢ formed 61 myumoles 
of anthranilic acid. The stimulatory action of the supplements 
to the growth medium does not appear to be a true cofactor effect 
since the addition of these materials to extracts of cells grown in 
the mineral salts-glucose medium did not accelerate the enzymatic 
synthesis of anthranilic acid. 
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Fic. 4A. Fluorescence (emission) spectrum of culture filtrates 
of strains 5-MT-Rez and W. The activating \ was 280 my. B. 
Activation spectrum of culture filtrates of strains 5-MT-R¢ and 
W. The emission A was 350 mu. 

Filtrates were of cultures in the exponential phase of growth. 
The cell density had reached 350 ug dry weight of bacteria per ml. 


two strains provide further evidence that the excreted factor is 
tryptophan (Fig. 4). The resistant mutant, strain 5-MT-Rg, 
excretes material with fluorescence Amax = 360 my) and activa- 
tion (Amax = 280 my) spectra identical to those of tryptophan. 
On the other hand, fluorescence at these wavelengths cannot be 
detected in the culture fluid of the sensitive, parent strain, W. 
After 5 hours of growth (400 wg dry weight of cells per ml) the 
intensity of fluorescence indicates the presence of 0.5 ug of tryp- 
tophan per ml in the culture fluid of strain 5-MT-Rg. 


DISCUSSION 


The often observed inability of enzymes to discriminate com- 
pletely between their substrates and related structural analogues 
has led to the general assumption that antimetabolites inhibit 
growth by competitively interfering with the incorporation of 
the corresponding normal compounds into essential components 
of the cell. However, an alternative mechanism of analogue 
action is suggested by the observation that 5-methyltryptophan 
mimics the specific inhibitory or feedback effect of tryptophan 
on the enzymatic synthesis of the tryptophan precursor, an- 
thranilic acid. In this case a sensitive enzyme fails to discrim- 
inate completely between its normal feedback inhibitor, trypto- 
phan, and 5-methyltryptophan. The cell thus responds to the 
analogue, as it does to externally added tryptophan, by halting 
further synthesis of this amino acid. As the analogue is unable 
to replace tryptophan for protein synthesis growth also ceases. 

Several kinds of evidence support the suggestion that the bac- 
teriostatic action of 5-methyltryptophan stems directly from its 
effectiveness as a false feedback inhibitor. (a) Anthranilic acid 
synthesis by cells and growth are both maximally inhibited for 
identical intervals of time by the same concentrations of the 
analogue. (b) Indole, which can be converted to tryptophan by 
a step in the synthetic pathway beyond the suspected sensitive 
site antagonizes the bacteriostatic action of the analogue non- 
competitively. (c) A mutant which was selected for resistance 
to 5-methyltryptophan produces an increased amount of the 
enzyme necessary for the synthesis of anthranilic acid; further 
more, the enzyme in the mutant is less sensitive to the analogue 
than that in the parent strain. The changes in both the level 
and in the sensitivity of the enzyme could contribute to resist- 
ance if anthranilic acid synthesis is the major site of action by 
the analogue. 
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It should be pointed out that strain 5-MT-R,g is at least a 
1000-fold less sensitive than strain W to bacteriostasis by 5- 
methyltryptophan, but that only a sixtyfold difference in sensi- 
tivity was observed in the suspected site of action of the analogue, 
the anthranilic acid-forming system. This disparity probably 
results from the fact that 5-methyltryptophan appears to be 
maintained at a definite intracellular concentration by a stereo- 
specific concentrating mechanism which is independent of the 
external concentration of the analogue within the limits used in 
these experiments (11). The concentrating mechanism may be 
incapable of maintaining the obviously higher concentration of 
the analogue which would be necessary to inhibit the growth of 
strain 5-MT-Rs. A small change in sensitivity at the principal 
intracellular site of action of the analogue could thus account for 
a much greater change in sensitivity to bacteriostasis by the 
analogue. 

Anthranilic acid synthesis in the resistant strain, in addition 
to being less sensitive to inhibition by 5-methyltryptophan, is 
also less sensitive to tryptophan itself. This change and the in- 
creased level of enzymes for the synthesis of anthranilic acid are 
probably responsible for the slight overproduction of tryptophan 
by the mutant. It has been suggested that such overproduction 
of a normal metabolite might be a basis for resistance to an anti- 
metabolite (13). However, this explanation would be valid only 
for resistance to an analogue which acts by competitively inhibit- 
ing the utilization of the corresponding normal metabolite. Since 
5-methyltryptophan acts by inhibiting the biosynthesis of trypto- 
phan, overproduction of this amino acid in the resistant organism 
discussed here could not readily occur in the presence of the 
analogue unless the susceptible enzyme had lost sensitivity to 
the analogue. The loss of enzymatic sensitivity to tryptophan 
and the consequent excretion of tryptophan, therefore, appear 
to be incidental changes, unnecessary for the acquisition of re- 
sistance. 


SUMMARY 


Tryptophan appears to be capable of regulating its intracellular 
level as it is a potent feedback inhibitor of an early enzymatic 
step necessary for its own biosynthesis, the conversion of shikimic 
acid 5-phosphate to anthranilic acid. An analogue, 5-methyl- 
pL-tryptophan, also inhibits this reaction and is, therefore, a 
false feedback inhibitor. Evidence is presented that this false 
feedback effect is the basis for the bacteriostatic action of 5- 
methyltryptophan. 

A mutant selected for resistance to 5-methyltryptophan pro- 
duces an anthranilic acid-forming system which has altered 
sensitivity to the analogue as well as to tryptophan itself. In 
addition, the mutant produces more of the enzyme system. It 
is because of these changes that the mutant, unlike the parent 
strain, overproduces tryptophan and excretes it into the culture 
fluid. ° 

The basis of resistance in the mutant is altered sensitivity of 
the anthranilic acid-forming system to inhibition by the analogue. 
The overproduction of tryptophan is an incidental change un- 
necessary for resistance. 
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The precursor role of homoserine in threonine biosynthesis in 
Neurospora was established by the early work of Teas et al. (1), 
and was confirmed by extensive enzymatic studies (2) of the 
early steps in threonine biosynthesis in yeast. More recently, 
Watanabe et al. (3, 3a, 4) have shown that at least 2 separable 
enzyme fractions are required for the conversion of homoserine 
to threonine in yeast. The first, homoserine kinase, catalyzed 
a phosphorylation of the hydroxyl group of homoserine at the 


HOCH:CH:CHCO: + ATP — 





NH? 
(HO)2-POCH:CH:CHCO: + ADP 
NH? 
(HO)2POCH:CH:CHCOz + H:0 > 
§ NH 

(2) 

CH;CHCHCOz + H;PO, 

OH NH? 

L-homoserine + ATP + H:0 — 3) 


L-threonine + ADP + phosphate 


expense of ATP (Reaction 1), and the second, which will be 
called threonine synthetase, catalyzed an elimination of ortho- 
phosphate coupled to isomerization from y- to B-hydroxy com- 
pound, to yield threonine from P-homoserine.!' By analogy to 
the aconitase reaction (5), one might expect that the conversion 
of homoserine to threonine would occur with little free energy 
change, and our interest in this problem was first stimulated by 
the therefore seemingly needless expenditure of phosphate bond 
energy (Reaction 3). This communication describes the purifi- 
cation and some properties of threonine synthetase from Neuro- 
spora, and the succeeding ones (6, 7) deal with some studies of 
the mechanism of Reaction 2. 


EXPERIMENTAL 


Threonine Synthetase Assay—The assay is based on determina- 
tion of the amount of threonine formed under the following 
standard incubation conditions. An aliquot of threonine syn- 
thetase containing 0.001 to 0.02 unit is added to a rubber-stop- 
pered centrifuge tube containing 0.06 ml of 0.5 m glycylglycine 


* Established Investigator of the American Heart Association. 

1 The abbreviations used are: P-homoserine, O-phosphohomo- 
serine; pyridoxal-P, pyridoxal phosphate; EDTA, ethylenedi- 
aminetetraacetate. 


buffer, pH 7.3, 0.01 ml of 0.01 m pyridoxal-P, 0.06 ml of 0.01 m 
P-homoserine, and enough water for a final volume of 0.6 ml. 
Amounts of P-homoserine below the saturation level are used in 
the assay, because the preparation of this substance is time-con- 
suming. After incubating 30 minutes at 30°, the reaction is 
stopped by placing the tube for 10 minutes in a boiling water 
path, and protein precipitate, if any, is removed by centrifuga- 
tion. 

The method for determination of threonine has been described 
elsewhere (8). In principle, the acetaldehyde liberated by peri- 
odate oxidation of threonine is measured in situ, after reduction 
of excess periodate with a mercaptan, by the amount of DPNH 
oxidized in the presence of alcohol dehydrogenase. Fig. 1 shows 
the range in which amount of threonine is proportional to ab- 
sorbancy change at 340 my. Proportionality between absorb- 
ancy change and amount of Neurospora extract protein in the 
threonine synthetase assay is illustrated in Fig. 2. 

A unit of enzyme is defined as the amount catalyzing the for- 
mation of 1 umole of threonine in 1 minute, under the above 
conditions. Protein is measured turbidimetrically. 


Preparation of P-homoserine 


P-homoserine was prepared with yeast homoserine kinase (4). 
It has not so far been possible to prepare this substrate non- 
enzymatically,? nor has homoserine kinase activity been detected 
in extracts of Neurospora. 


2 Lactonization of homoserine (3a) has been the principa 
obstacle with several methods used in attempting to phospho- 
rylate it nonenzymatically. In order to circumvent this difficulty, 
N-carbobenzoxy-DL-homoserinebenzylamide was prepared and an 
attempt made to introduce phosphate with tetra-p-nitrophenyl 
pyrophosphate (9). Catalytic hydrogenation followed by con- 
trolled acid hydrolysis might then have yielded P-homoserine. 
Nine milliliters of benzyl chloroformate were dispersed, with a 
Waring Blendor, in 250 ml of saturated aqueous NaHCO; contain- 
ing 5 g of pit-homoserine, and the emulsion was shaken several 
hours. N-Carbobenzoxyhomoserine may be obtained by freezing 
and thawing after acidification to pH 2, m.p. 78 to 81°. 


Calculated: C 56.9, H 5.97, N 5.53 
Found: C 56.6, H 5.84, N 5.37 


Continuous extraction into CHCl; after acidification yielded 7.8 
g of N-carbobenzoxy-pL-homoserine lactone, after recrystallization 
from benzene-hexane; m.p. 93 to 97°. 


Calculated: C 61.3, H 5.57, N 5.96 
Found: C 61.3, H 5.58, N 5.83 


The lactone was refluxed 2 hours in CHCl; with 4.5 ml of benzyl- 
amine. Tengrams of N-carbobenzoxy-pL-homoserinebenzylamide 
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Fig. 1. Proportionality between amount of threonine and ab- 
sorbancy change at 340 my, in the alcohol dehydrogenase assay 
for threonine. 
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Fig. 2. Proportionality between amount of Neurospora extract 
protein and absorbancy change at 340 my, in the alcohol dehy- 
drogenase assay for threonine synthetase. 


Homoserine Kinase Assay—The assay is based on determina- 
tion of the amount of nonnucleotide, homoserine-dependent, acid- 
stable phosphate ester formed. Enzyme fractions were assayed 
in duplicate tubes, one of which contained 40 ywmoles of pt-homo- 
serine. In addition, both contained (in uwmoles): Tris-HCl, pH 
7.4, 80; ATP, 10; MgSOu, 20; NaF, 30; NaCN, 45. Incubation: 
30 minutes at 30° in 1.5-ml volume. The reaction was stopped 
by adding 0.1 ml of 2 m perchloric acid, followed by 0.4 ml of 0.5 
M potassium acetate, pH 4.5. Roughly 0.5 ml of acid-washed 
Norit A was added with a calibrated scoop, and the stoppered 





were obtained by recrystalization from CHCl;-hexane; m.p. 131 
to 133°. 

Calculated: C 65.9, H 6.14, N 8.5 

Found: C 65.8, H 6.41, N 8.0 


The benzylamide (1.84 g) was added to tetra-p-nitrophenyl pyro- 
phosphate, prepared by mixing 10 mmoles of di-p-nitropheny] 
hydrogen phosphate with 5 mmoles di-p-tolyl carbodiimide in 
anhydrous dioxane, and the stoppered suspension was kept 2 
days at 25° in a desiccator (9). Paper chromatography revealed 
the formation of a new compound which absorbed in the ultra- 
violet, gave a positive test for phosphate, and a brown color with 
ninhydrin after heating (10). The di-p-tolylurea was filtered off, 
and the filtrate evaporated to a yellow oil, which was dissolved in 
CHCl; and extracted with water (9). From the CHCl; phase, a 
rather small amount of an unknown compound was obtained, re- 
crystallized from CCl,, m.p. 108 to 111°. 


Found: C 60.2, H 5.82, N 5.95, P, O 


The new compound observed in the chromatograms appeared to 
be in the water phase. It was presumed to be a partial degrada- 
tion product of the expected di-p-nitrophenylphosphoryl-N -carbo- 
benzoxy-pDL-homoserinebenzylamide, but has not yet been further 
investigated. 
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tubes were shaken mechanically for 15 minutes and centrifuged 
(11). Aliquots of the filtered supernatant solutions were used 
for determination of total phosphate by wet-ashing (10), and of 
acid-labile + inorganic phosphate by 15 minute hydrolysis in 1 
N HCl (12). The difference represents acid-stable phosphate, 
and the difference between the latter values in presence and ab- 
sence of homoserine represents the amount of P-homoserine 
formed. The assay gave erroneously low results in crude ex- 
tracts, as interfering enzymes were inadequately supressed by 
cyanide and fluoride. 

Homoserine Kinase Purification—A single salt fractionation 
gave an apparent purification of 15-fold, and was essential, to 
remove interfering enzymes. Fresh bakers’ yeast was disrupted 
with liquid nitrogen (13), thawed, and stirred 2 hours at 0° with 
an equal volume of cold water, after adjusting the pH to 8.5 with 
NH,OH. After centrifuging, 1500 ml of the supernatant solu- 
tion, containing 60 g of protein, were adjusted to pH 7, and 60 
ml of m Tris-HCl, pH 7, were added. Solid ammonium sulfate 
was added, and the fraction precipitating between about 32 and 
44% of saturation was redissolved in 300 ml of 0.04 m Tris-HCl, 
pH 7.4, containing 0.004 m glutathione. 

Isolation of P-homoserine—The fraction (10 g of protein) was 
incubated 90 minutes at 30° in 1200-ml volume, with all com- 
ponents at the same concentrations as in the assay described 
above. After boiling and filtering, the solution contained 8 
mmoles acid-stable phosphate. Small scale control incubations 
indicated that about 80% of this was P-homoserine. 

The filtrate was treated with excess barium acetate and 3 vol- 
umes of ethanol at pH 8.2. The extract was adjusted to pH 4.5 
and stirred 1 hour at 25° with sufficient acid-washed Nuchar C 
to remove all absorbancy at 260 my. Barium-alcohol precipita- 
tion was repeated twice, barium removed from acid solution with 
NaSO,, pH adjusted to 11 with LiOH, and LisPO, allowed to 
precipitate overnight at 0° after addition of 2 of volumes ethanol. 
The supernatant fluid was again treated with barium-ethanol at 
pH 8.2, and the precipitate dried under reduced pressure. Yield: 
1.21 g of amorphous white powder. 

Properties of P-homoserine—This preparation, converted to 
the potassium salt, has been used in all subsequent experiments 


(6, 7). By ninhydrin and phosphate analysis, purity was about 
70%. It contained no 260 my absorbing material, and no ortho- 


phosphate (less than 1% of total phosphorus), homoserine, or 
threonine. Paper chromatography (10) revealed one major com- 
ponent, which reacted in both ninhydrin and phosphate tests. 
A trace contaminant reacting only with ninhydrin appeared with 
the use of 80% phenol (10), and another reacting only for phos- 
phate appeared with isopropanol (90 ml)-88% formic acid (80 
ml)-concentrated ammonia (1 ml) (11). Both could be removed 
by gradient elution with acetic acid from Dowex 1 acetate. 
Yeast homoserine kinase has been shown to be stereospecific for 
L-homoserine by Watanabe et al. (4), who have further charac- 
terized the reaction product by elementary analysis, identifica- 
tion of products of acid hydrolysis before and after treatment 
with nitrous acid, and preparation of the dinitropheny] derivative 
(8a). 


Purification of Threonine Synthetase 


Growth of Neurospora—Neurospora crassa wild type 5297° was 
transferred from slants to nutrient agar (14) in a 2-liter Fern- 
3 We are greatly indebted to Dr. N. H. Horowitz for supplying 


us with cultures of this and all of the derived mutant strains of 
Neurospora. 
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pach flask, which was left at 30° until profuse aerial growth en- 
sued (about 1 week). Fifteen liters of basal medium (14) in a 
carboy was inoculated from the Fernbach by shaking the latter 
with the sucrose and biotin solution, which had been autoclaved 
separately, and was incubated 24 to 30 hours at 25° with rapid 
forced aeration. Yield: 150 to 300 g wet weight. A carboy 
culture has also been used to inoculate a 230-liter vat. Twenty- 
four hour’s growth at 31° with stirring and aeration at 250 liters 
per minute yielded 8100 g. However, fractionation of the latter 
failed (perhaps because of high lipid content) despite good spe- 
cific activity in the extract. Shorter growth periods are required 
in the vat. 

Cells were harvested by Buchner filtration through cheese- 
cloth, washed with distilled water, and frozen in thin cakes, which 
could be stored for months. 

Preparation of Extract—Portions of Dry-Ice were added to a 
prechilled Waring Blendor in a —15° room until the powder no 
longer stuck to the walls. Cakes of frozen Neurospora were then 
broken by hand into pieces which could be added to the Blendor. 
Brief homogenization yielded a fine frozen powder which was 
thawed. An equal volume of cold water was added, and the 
viscous suspension returned to the Blendor at +2° for 5 minutes. 
The pH was adjusted to 8.5 with m NH,OH, the suspension 
stirred 2 hours at 0°, centrifuged, decanted through cheesecloth, 
adjusted to pH 7.3, and glycylglycine buffer added for a concen- 
tration of 0.04 m. 

Crude extract was centrifuged 2 hours at 100,000 x g at 0°. 
Enzyme remained in the supernatant fluid, which was withdrawn 
through a hypodermic needle, though there was some mechani- 
eal loss (Table I). The extract was then incubated 30 minutes 
at 30°, after adjusting pH to 7.7, with crystalline pancreatic ri- 
bonuclease (3 mg per 100 ml). 

Acetone Fractionation—Ribonuclease-treated extract was di- 
luted to a protein concentration of 6.5 mg per ml, the pH adjusted 
to 8.5, and Tris-HCl, pH 8.5, added to give a final concentration 
of 0.04 m. Cold acetone was added gradually over 20 minutes 
toa final concentration of 45% by volume, while the temperature 
of the Dry-Ice-ethanol-water bath was being lowered from 0° to 
—10°. After 10 minutes further stirring, the precipitate was 
centrifuged down for 7 minutes at —10° at 3000 r.p.m. in a PR2 
International 850a head, which accommodates six 250-ml Nalge 
bottles. Acetone was again added to the supernatant fluid, to 
bring the concentration to 58%, with lowering of the temperature 
from —10° to —15°. After centrifuging at —15°, the superna- 
tant fluid was discarded, and the precipitate promptly disolved 
in a protein diluent: freshly prepared 0.02 m glycylglycine, pH 
7.3, and 0.001 m GSH. 

Ammonium Sulfate Fractionation—Protein diluent was added 
to give a protein concentration of 8 mg per ml, and the pH was 
adjusted to 7.3 with N acetic acid. Solid ammonium sulfate 
was gradually added during 20 minutes with stirring at 0°, until 
the solution was 44% saturated. After stirring another 20 min- 
utes, the precipitate was centrifuged down, and discarded. 
The pH was checked with indicator paper at intervals and main- 
tained near 7.3 with NH,OH. Ammonium sulfate was again 
added, to 57% saturation, and the centrifuged precipitate was 
dissolved in a small volume of diluent (see above). This fraction 
was dialyzed several hours against 2 liters of distilled water, 
then overnight against 0.01 m glycylglycine, pH 7.3. 

Elution from DEAE-cellulose—Three hundred grams of East- 
man DEAE-cellulose (15) were sieved through wire screens, and 
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TABLE I 
Preparation of Neurospora extract 
| Abso ba: . 
Step gt Units Protein Specific 
mg units/mg 
1A Crude extract 0.72 7.1 1,520 0.0047 
1B Spinco supernatant 0.95 5.0 950 | 0.0053 
Spinco precipitate 0.57 0.0033 
1C RNase treated 1.21 4.8 930 0.0052 

















* All fractions dialyzed before assay except Spinco precipitate. 




















TABLE II 
Purification of Neurospora threonine synthetase 
Step Volume | Units |Protein = Yield 
ml mg bg % 
1C Extract 430* | 14.7 | 4,000) 0.0037] 100 
2 Acetone fraction 90 | 17.0 830} 0.021 | 116 
3 (NH,).SO, fraction | 9.31 33-7 158) 0.080 86 
4A DEAE-cellulose eluate | 440 | 11.0 75 
4B Concentrated eluate | 6.4 5.2 3] 1.73 35 








* From 700 g of Neurospora. 


the fraction between Mesh 100 and 230 was cycled with Nn 
NaOH, n HCl (briefly), and n NaOH again, interspersed with 
extensive washing with distilled water. It was then stirred twice 
for 30 minutes with 1.5 liters of m potassium formate, pH 7.3, 
followed by water, and 0.01 m glycylglycine, pH 7.3. 1.0n KOH 
was added until the pH of the supernatant was 7.3. 

A 2 X 15-cm column was prepared by packing under 5 pounds 
per square inch (15), and the dialyzed ammonium sulfate fraction 
(100 to 200 mg of protein) washed on, and eluted with a formate 
gradient (15) at +2° overnight, collecting 15-ml fractions at 1 
ml per minute. The mixing vessel initially contained 550 ml of 
glycylglycine, 0.02 mM, and potassium formate, 0.08 m, and the 
reservoir 800 ml of glycylglycine 0.02 m, and potassium formate, 
0.30 m. Both were at pH 7.3 and contained pyridoxal-P, 7 x 
10-5 mM. 

The enzyme is usually eluted in the fractions between 500 and 
800 ml, often some time after the appearance of the last detect- 
able protein. 

Concentration of DEAE-cellulose Eluates—The fractions con- 
taining enzyme were at once concentrated by overnight ultra- 
filtration (16). Thirty to forty milliliters were placed in each 
filtration funnel, and concentrated to 0.5 to 1 ml with a vacuum 
of 80 mm Hg, with simultaneous dialysis against several changes 
of 500 ml of magnetically stirred 0.02 m glycylglycine or potas- 
sium dimethylglutarate, pH 7.3, in an 800-ml beaker inside the 
desiccator used as a filtration vessel (16).* 


RESULTS 


The 500-fold purification of threonine synthetase is summa- 
rized in Table II. An additional 25% of the original units could 
be recovered, with 200-fold purification, from other ultrafiltered 


‘ The cellophane bags were extended to near the bottom of the 
beaker (10 cm), and a perforated 3-inch thick lucite plate with a 
brass vacuum take-off was used to cover the desiccator. 
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Fig. 3. Protein (left) and threonine synthetase (right) content 
of effluent fractions from DEAE-cellulose. 


TaBLeE III 


Threonine synthetase specific activity of yeast and Neurospora 
extracts after various growth conditions 























Enzyme source |Addition to growth medium peo vd 
; | mg/l | units/mg 
Neurospora 5297 | 0.0067 
Neurospora 5297 | DL-aspartate 100 0.0067 
Neurospora 5297 DL-homoserine 100 | 0.0050 
Neurospora 5297 DL-threonine 100 0.0050 
Neurospora 35423 pDL-threonine 100 0 
Neurospora H-98 DL-methionine | 50 0.0035 
Bakers’ yeast* | 0.0062 
* p-Hydroxybipheny] assay. 
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Fia. 4. Formation of threonine and phosphate from P-homo- 
serine incubated with threonine synthetase fraction 4B. 
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TaBLe IV 
Requirement for catalytic amounts of pyridozal-P in threonine 
synthetase reaction 
Amount of threonine formed in 30 minutes in standard assay 
system, with Step 3 apoenzyme preparation and various amounts 
of added pyridoxal-P. 





Pyridoxal-P added 


Threonine formed 





umole umole 
0 0.03 
0.01 0.17 
0.1 0.22 
1.0 0.26 





fractions. Growth conditions and ultracentrifugation of ex- 
tract,> although they do not much affect initial specific activity, 
are the most critical factors for the success of the procedure, 
which has been reproducible, though often with poorer yield, in 
all preparations where these conditions were carefully controlled. 
The dialyzed enzyme is stable for months at —15°, at all stages, 
except perhaps 4A. It is precipitated and inactivated at pH 
values below 5.2, and behaves as an acidic protein on DEAE-cel- 
lulose, to which it is very strongly bound (Fig. 3). Additional 
evidence that it is a single protein comes from the fact that re- 
combinations of peripheral DEAE-cellulose fractions yield only 
additive numbers of units. 

The enzyme has about the same specific activity in extracts of 
yeast and Neurospora (Table III), and has also been found in 
Escherichia coli (18, 19). It is undetectable in a Neurospora 
auxotroph 35423 (20), which grows on medium supplemented 
with threonine, but not with homoserine (21), but is present in 
normal amounts in other Neurospora mutants (Table III). 
Growth of a wild type in presence of aspartate, homoserine, or 
threonine, does not affect enzyme activity in extracts (Table 
III). 

Orthophosphate was identified as a product of the reaction by 
Fiske-SubbaRow assay (12) and crystallization as KH.PO, (6). 
Threonine was identified as the other product by periodate reac- 
tion, crystallization as the dipolar ion (6), and chromatography 
on Dowex 50 and on paper in several solvents (10), one of which 
widely separates homoserine and threonine.’ Watanabe et al. 
(22) have shown the threonine to be of L-configuration by bioas- 
say. Threonine and phosphate are formed in equimolar amounts 
throughout the course of the incubation. The initial lag in Fig. 
4 may be due to temperature equilibration. Chromatography 
of the reaction mixture of Fig. 4 at 40 minutes showed that all 
the P-homoserine had been consumed, indicating that the reac- 
tion is exergonic and proceeds essentially to completion. 

Neurospora threonine synthetase can readily be shown to re- 
quire catalytic amounts of added pyridoxal-P (Table IV), in 


5 When ultracentrifugation is omitted, the enzyme does not 
fractionate sharply in the acetone step, but in fact appears to be 
resolved into 2 separable fractions. This is presumably due to 
adsorption of some of it on a bulky gelatinous precipitate which 
forms at low acetone concentration. In any case, the reaction 
product with both fractions was shown to be threonine, by chro- 
matography in a solvent which resolves the latter from allo-thre- 
onine (17): cyclohexylamine (15 ml)-methylethyl ketone, Merck 
(75 ml)-n-butanol (75 ml)-water (37.5 ml). RNase treatment, 
though it removes nucleic acid (Table I) and probably aids frac- 
tionation, does not substitute for ultracentrifugation. 
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TABLE V 


Reactivation and inhibition of reactivation of threonine synthetase 
apoenzyme by pyridoxal-P analogues 


First incubation was with 0.1 mg of the Step 3 fraction of Table 
II, 95% dependent on added pyridoxal-P, supplemented with 30 
ymoles of glycylglycine, pH 7.3, 0.6 umole of P-homoserine, and 
pyridoxal-P (0.2 umole), or analogue (0.4 wmole) as indicated. 
Incubation: 30 minutes at 30° in 0.6-ml volume. Where indicated 
in column 2, a second 30-minute incubation was performed with 
added pyridoxal-P or analogue. In these cases, substrate was 
present only during the second incubation. Figures in the third 
column give the relative reactivation of threonine synthetase by 
various analogues, as compared with the reactivation by 0.2 
umole of pyridoxal-P; in the fourth column, the inhibition of re- 
activation when enzyme is preincubated with analogue or pyri- 
doxal-P. 

















Reactiva-| 
Additions to sequential incubations RA Lr poe ag 
relative to | vation by 
that by pyri- 
pyri- doxal-P 
First incubation Second incubation doxal-P 
% % 
Pyridoxal 0 
Pyridoxal Pyridoxal-P | 0 
Pyridoxamine 0 | 
Pyridoxamine Pyridoxal-P 0 
Pyridoxine 0 
Pyridoxine Pyridoxal-P 0 
Pyridoxine-P 10 
Pyridoxal-P Pyridoxine-P 17 
Pyridoxine-P Pyridoxal-P 38 
Deoxy-pyridoxine-P 0 
Pyridoxal-P | Deoxy-pyridoxine-P | 4 
Deoxy-pyridoxine-P | Pyridoxal-P | 72 
| | 
Pyridoxamine-P 109 
| Pyridoxamine-P 78 | 








contrast to the enzymes from yeast (3, 3a) and E. coli (19). 
Dependence is erratic, but threonine formation with step 3 
“anoenzyme” fractions is often stimulated 20-fold by added 
pyridoxal-P. Dialyzed step 4 fractions, after DEAE-cellulose 
elution with pyridoxal-P, invariably show no requirement. Also 
on one occasion when pyridoxal-P was omitted from the eluting 
solution, only holoenzyme was obtained. Yield was poorer, and 
the concentrated 4B fraction was yellow. Pyridoxamine-P* and 
pyridoxine-P can replace pyridoxal-P, less effectively at low con- 
centrations, with relatively impure step 3 apoenzyme (Table V). 
Pyridoxine-P and deoxy-pyridoxine-P inhibit the reactivation of 
apoenzyme by cofactor, if they are preincubated with it before 
addition of pyridoxal-P. Dephosphorylated analogues neither 
activate nor inhibit (Table V). 

EDTA and Mg** have no effect on holoenzyme reaction (Ta- 
ble VI), but the latter increases the rate with apoenzyme 30%. 
Phosphate, KCN, and NH.OH, and cysteine but not its desamino 
analogue, are inhibitory (Table VI). P-homoserine cannot be 


* Pyridoxal-P analogues were gifts of Drs. E. A. Peterson and 
H. A. Sober. 
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TaBLe VI 
Inhibitors and activators of threonine synthetase 
Threonine 
Compound added to standard assay mixture Amount synthetase specific 
activity* 
pumoles/ml % of standard 
MgCl, 10 100 
EDTA 10 100 
NH.OH 0.1 83 
NH.OH 1 35 
KCN 1 78 
P-Threonine 10 65 
pL-Methionine 10 100 
pL-Homoserine 10 100 
2,4-Diaminobutyrate 10 100 
Phosphate 50 60 
8-Mercaptopropionatet 35 100 
L-Cysteinef 35 15 











* Enzyme: Step 4B fraction of Table II, specific activity 1.73 
in standard assay mixture. Preincubated 10 minutes with in- 
hibitor or activator, before addition of substrate. 

+ Four-fold amounts of periodate and mercaptan used in assay. 


replaced by homoserine + ATP, homoserine lactone,’ or 2,4- 
diaminobutyrate. 


DISCUSSION 


The pathway from homoserine to threonine discovered in 
yeast (3, 3a), by way of Reactions 1 and 2, has also been reported 
in E. coli (19). We have, in general, confirmed the results in 
yeast and have found, for example, that P-homoserine is con- 
verted to threonine more rapidly than homoserine + ATP, in 
crude yeast extract. In Neurospora extracts, however, though 
Reaction 2 is as active as in yeast, it has not been possible to 
demonstrate Reaction 1, either by direct assay for homoserine 
kinase or by threonine formation from homoserine + ATP. 
Reaction 1 has also been undetectable in extracts of mutant 
H98 (14), which lacks an alternative route for disposing of 
homoserine, and of 35423 (20), which lacks the enzyme for dis- 
posing of P-homoserine. Also, we have tried substitution of 
L-homoserine® for pL, addition of heated extract, supplementa- 
tion of growth medium with homoserine or aspartate, and 
ammonium sulfate fractionation as described above for yeast- 
homoserine kinase. In preliminary experiments, a pool of P- 
homoserine has also failed to trap isotope from C"-aspartate in- 
cubated with Neurospora homogenates. Further investigation 
will be required to determine whether the pathway of threonine 
biosynthesis is the same in Neurospora as in yeast, although the 
absence of threonine synthetase activity from extracts of mutant 
strain 35423 is evidence that this enzyme, at least, is part of the 
physiological biosynthetic machinery. 

Our initial interest, however, has been in the mechanism of 
reaction 2. The removal of phosphate, coupled to isomerization 


7 Prepared by heating homoserine in perchloric acid, crystal- 
lization of the perchlorate, and recrystallization from acetone- 
CCl. 

8 Gift of Dr. M. D. Armstrong. 

® Recently the authors have tentatively identified homoserine 
kinase activity in undialyzed Hughes Press extracts of Neurospora 
5297. 
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from a primary to a secondary alcohol, appears to be a novel 
type of enzymatic reaction. Related isomerizations, like that 
catalyzed by aconitase (5), do not involve intermediary phos- 
phorylation, and thereby raise questions as to the reason for 
phosphate bond energy expenditure in threonine biosynthesis. 
Features of the reaction which are in common with some early 
steps in squalene biosynthesis (23) and with the pyridoxal-P 
dependent ‘y-elimination of homoserine to form a-ketobutyrate 
(24, 25) will become more apparent in the succeeding communi- 
cations (6, 7). 


SUMMARY 


An enzyme which catalyzes the formation of threonine and 
orthophosphate from O-phosphohomoserine has been purified 
500-fold from Neurospora crassa, and some of its properties have 
been determined. It appears to be a single protein, which re- 
quires pyridoxal phosphate for activity. 

The enzyme cannot be detected in extracts of the threonine- 
requiring mutant strain, Neurospora 35423. 


Acknowledgment—We are indebted to Dr. E. R. Stadtman for 
providing the facilities which have made the work of this and 
the succeeding communications possible. 


REFERENCES 


1. Teas, H. J., Horowitz, N. H., anp Fina, M., J. Biol. Chem., 
172, 651 (1948). 

2. Buack, 8., anD Wrigut, N. G., in W. D. McELRoy anp H. B. 
Guass (Editors), A symposium on amino acid metabolism, 
Johns Hopkins Press, Baltimore, 1955, p. 591. 

3. WATANABE, Y., Konisui, S., aND SuHimura, K., J. Biochem., 
42, 837 (1955). 

3a. WATANABE, Y., AND Surmura, K., J. Biochem., 48, 283 (1956). 


Threonine Synthetase of Neurospora 


13. 
14. 
15. 
16. 
i. 
18. 


19. 


21. 


22. 
23. 


24. 


Vol. 235, No. 4 


. WaTANABE, Y., Konisui, S., anp Surmura, K., J. Biochem., 


44, 299 (1957). 


. Speyer, J. F., anp Dickman, S. R., J. Biol. Chem., 220, 193 


(1956). 


. Fuavin, M., anp Kono, T., J. Biol. Chem., 235, 1109 (1960). 
. Fuavin, M., anp SiauGuter, C., J. Biol. Chem., 285, 1112 


(1960). 


. Fuavin, M., anp StauGutTer, C., Anal. Chem., 31, 1983 (1959). 
- Morratt, J. G., anD Kuorana, H. G., J. Am. Chem. Soc., 


79, 3741 (1957). 


. Fuavin, M., J. Biol. Chem., 210, 771 (1954). 
. Fuavin, M., Castro-Menpoza, H., anp Ocnoa, S., J. Biol. 


Chem., 229, 981 (1957). 


. Fiske, C. H., anp SuspsaRow, Y., J. Biol. Chem., 66, 375 


(1925). 

Buack, S., in S. P. Cotowick anp N. O. Kapian (Editors), 
Methods in enzymology, Vol. I, Academic Press, Inc., New 
York, 1955, p. 509. 

Horowitz, N. H., J. Biol. Chem., 171, 255 (1947). 

PETERSON, E. A., AND Soper, H. A., J. Am. Chem. Soc., 78, 
751 (1956). 

Soper, H. A., Gutter, F. J., Wyckxorr, M. M., anp Perter- 
son, E. A., J. Am. Chem. Soc. 78, 756 (1956). 

Harpy, T. L., anp Houtuanp, D. O., Chem. & Ind. (London), 
18, 517 (1954). 

Conen, G. N., Hirscu, M.-L., WIESENDANGER, S. B., Anp 
NisMAN, M. B., Compt. rend., 238, 1746 (1954). 

Wormser, E. H., anp ParpbEE, A. B., Arch. Biochem. Biophys. 
78, 416 (1958). 


. Fuavin, M. anp SiauGuTer, C. Federation Proc., 18, 226 


(1959). 

Fung, M., anv Horowitz, N. H., J. Biol. Chem., 190, 277 
(1951). 

WATANABE, Y., AND SuimuRa, K., J. Biochem., 42, 181 (1955). 

LyNEN, F., Eacerer, H., HENNING, U., AND KEsszE1, L., 
Angew. Chem., 70, 738 (1958). 

Metzter, D. E., [kawa, M., anp SNELL, E. E., J. Am. Chem. 
Soc., 76, 648 (1954). 


5. Matsuo, Y., AND GREENBERG, D. M., J. Biol. Chem., 284, 


516 (1959). 


THE J 


In 
some 
wish 
08-1; 
with 
phat 
oxyg 
phos 


Pr 
prep: 
taine 
L-thi 
10-a' 
label 


tion, 


KH: 
met] 
adde 
Pyre 
isote 
phy! 
anal 
avel 
100: 
E 
incu 
acti 
trat 
dial 
ume 
ultr 
3.9 
F 
pho 
desi 
add 


Tem 


* 


T 


1 


seri 
pho 





evened 


Yo. 4 
hem., 


), 193 


960). 
» 1112 


1959), 
Soc., 
Biol. 

5, 375 

tors), 

, New 

, 

ETER- 

ndon), 

,, AND 

ophys. 
8, 226 
0, 277 


(1955). 
tL, L., 


Chem. 





Tue JouRNAL oF BroLocicaL CHEMISTRY 
Vol. 235, No. 4, April 1960 
Printed in U.S.A. 


Threonine Synthetase Mechanism: Studies 
with Isotopic Oxygen 


Martin Fiavin* AND Tetsuro Konot 


From the Enzyme Section, National Heart Institute, Bethesda, Maryland, and McCollum-Pratt 
Institute, Johns Hopkins University, Baltimore, Maryland 


(Received for publication, November 25, 1959) 


In the preceding paper (1) we described the purification and 
some properties of threonine synthetase of Neurospora. We now 
wish to report studies of the mechanism of this reaction with 
0!8-labeled water. When O-phosphohomoserine is incubated 
with 500-fold purified enzyme in HO", the threonine and phos- 
phate formed are found to have acquired 1 and 0 atoms of solvent 
oxygen, respectively, indicating nonhydrolytic elimination of 
phosphate through cleavage of a C—O bond. 


EXPERIMENTAL 


Preparations—Threonine synthetase and P-homoserine! were 
prepared as previously described (1). P-Threonine was ob- 
tained from the California Foundation for Biochemical Research, 
i-threonine from the Nutritional Biochemical Company, and 
10-atom % H,O"8 was a gift from Dr. Frank Eisenberg. The 
labeled water was recovered by lyophilization after each incuba- 
tion, and reutilized for other experiments. 

Since the method used for 0 analysis of phosphate has not 
been described in detail (2), we prepared an authentic sample of 
KH,PO,-O* to check the reproducibility and accuracy of the 
method. Seven hundred and sixty milligrams of KH2PO, were 
added to 2.0 ml of H,O"8 and heated for 8 days at 120° in a sealed 
Pyrex tube, a procedure designed to give essentially complete 
isotopic equilibration (3). Water was then recovered by lyo- 
phylization; KH»2PO, was dried at 100°. Several separate O'* 
analyses of the latter gave results with good agreement and an 
average value shown in Table I. The total recovery of 08 was 
100%, and equilibration was 94% complete. 

Enzyme Incubations—For the large scale threonine synthetase 
incubation in H,O", two step 4B enzyme fractions of specific 
activity 1.72 and 0.90 (1) were combined, and further concen- 
trated to 1.6-ml volume by ultrafiltration with simultaneous 
dialysis against 0.02 m dimethylglutarate, pH 7.3 (1). Two 
umoles of pyridoxal phosphate were added both before and after 
ultrafiltration. The concentrated enzyme contained 4.6 units in 
3.9 mg of protein. 

For Experiment 1 (Table III) 148 wmoles of P-homoserine (by 
phosphate analysis), pH 7.3, were evaporated to dryness in a 
desiccator, and redissolved in 5 g of 10% O water. After 
adding 4 the enzyme, the mixture was incubated at 30°, the pH 
remaining 7 to 7.3. Threonine formation was followed at 30- 


* Established Investigator of the American Heart Association. 

+ Research Associate of McCollum-Pratt Institute. 

‘The abbreviations used are: P-homoserine, O-phosphohomo- 
serine; P-threonine, O-phospho-pu-threonine; P-serine, O-phos- 
phoserine. 


minute intervals and proceeded at a constant rate until 130 
pumoles had been formed at 120 minutes. When no further 
amount had been formed at 150 minutes, the reaction was 
stopped by heating 15 minutes at 100° under reflux. The water 
was recovered by lyophylization, and reutilized for Experiment 2 
(Table III), which was carried out in identical fashion, except 
that 150 wmoles each of L-threonine and potassium phosphate 
were substituted for P-homoserine. In Experiment 2, the 
amount of threonine appeared to decrease by about 10% in 150 
minutes. 

Isolation of KH2,PO, and Threonine—In this procedure and in 
the experiments of Table IV, phosphate samples were assayed 
by the Fiske-SubbaRow method in a 1-ml volume in the Beckman 
spectrophotometer at 660 my (1), and threonine by the alcohol 
dehydrogenase method (1, 4). Threonine was located in Dowex 
50 eluates by the quantitative ninhydrin method (5). 

The solid residues from the above incubations were dissolved 
in 3 ml of H.O and deproteinized by heating a few minutes at 
pH 5.5 (the previous heating at pH 7.3 gave no protein precipi- 
tate). The supernatant solution from Experiment 1 contained 
117 pmoles phosphate; from Experiment 2, 145. Two-and 1-fold 
amounts of carrier KH2PO, were added, respectively. To each 
were added about 1 ml of 2 m LiOH, then 1 volume of ethanol, 
and the precipitates were allowed to coagulate overnight at +2°. 
This procedure was shown not to precipitate threonine or P-ho- 
moserine, but may precipitate small amounts of pyridoxal phos- 
phate along with phosphate. After the precipitate was filtered 
and washed with 70% ethanol, the combined filtrate and wash 
was evaporated to dryness and saved for threonine isolation. 

The Li;PO, precipitates were dissolved by adjusting to pH 3 
with HCl in a few-ml volume, and Lit was removed by shaking 
5 minutes with Dowex 50 H+. The pH was adjusted to 4.3 with 
KOH, and the solution evaporated to dryness under reduced 
pressure, taken up in 0.6 ml of H,O, and freed of any insoluble 
material by centrifugation. Two volumes of ethanol were added, 
and KH,PO, was allowed to crystallize overnight at +2°. KCl 
was shown not to be precipitated under these conditions. The 
KH,PO, was filtered on sintered disks, washed with 70% ethanol, 
and dried 2 hours at 100°; yields, Experiment 1, 30.6 mg; Experi- 
ment 2, 20.7 mg. 

The threonine fractions obtained above were dissolved in 3 
ml of 0.1 N HCl and adsorbed on 1 X 25-cm columns of Dowex 
50-X10, H+ form, coarse mesh. Ten-milliliter fractions were 
collected at 1.5 ml per minute while eluting with 50 ml of 0.2 n 
HCl, then 250 ml of 1.5 n HCl. Threonine appeared in frac- 
tions 9 to 13, which were combined and evaporated overnight 
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TABLE I 
KH:2P0,-0"8 preparation and analysis 


























| Initial | Final 
Compound Oxygen | | 
| oO or | ors ors 
| @ 
s acme Paar |,. Sea: tenet. ome 
H.0 2.00 | 0.111 | 7.6 | 0.00844 6.4 | 0.00711 
KH.PO, 0.760 | 0.0223} 0 0 | 6.0 | 0.00134 
Sum: H,0 + KH,PO, | 0.00844 | 0.00845 
TABLE II 


Analyses of threonine and phosphate samples used for 
O'8 determinations 
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l 
. | | Amount . 
soe | vat | SE | tat | ave] 

q mg | pmoles | pmoles % 
KH.PO, 1 | 0.208 2.19 | 1.79 1.79 | 82 
Threonine 1 | 0.402 | 3.38 | 3.19, 3.47] 3.33 | 99 
KH.PO, 2 | 0.340 | 2.50 | 2.23 2.23 | 89 
Threonine 2 | 0.226 | 1.90 | 1.67, 1.90} 1.79 | 94 

TaBLe III 


Incorporation of solvent oxygen into threonine and phosphate during 
threonine synthetase reaction in H,O'8 





Experiment 1, enzyme + | Experiment 2, enzyme + 


Vol. 235, No. 4 


Results of analyses of small weighed aliquots are shown in 
Table II. Threonine samples are pure within the limits of error; 
phosphate samples probably contain small amounts of impurities, 

0"*-Analysis—The O enrichment in water was determined by 
equilibration with CO, (6), in threonine by the HgCl. method 
(7), and in phosphate by the HgCN method (2). The mass 
ratio, R = CO'*0!*:CO!*0"8, was determined with a mass spec- 
trometer designed and built at McCollum-Pratt Institute in The 
Johns Hopkins University, by Dr. A. San Pietro and Dr. R. 
Ballentine, based on Nier’s 60-degree sector spectrometer. The 
atom % of O" in threonine and phosphate were calculated by 
the equation, atom % = 100/(2R + 1), and in water, 100/ 
(KR + 1), where k = 2.09 at room temperature. 


RESULTS AND DISCUSSION 


Table III shows the results of duplicate O" analyses of the 6 
samples obtained in Experiments 1 and 2, and the number of 
oxygen atoms in threonine and phosphate calculated to have 
originated from water in each experiment. In the incubation of 


TABLE IV 
P-threonine in threonine synthetase reaction 
Incubation medium contained (in ymoles) : glycylglycine buffer, 
pH 7.3, 50; pyridoxal phosphate, 0.1. Final volume, 1.0 ml. 
Incubation, 30 minutes at 30°. Threonine synthetase 4B, spe- 
cific activity 1.72. Total amounts of threonine and phosphate 
formed with various additions are given on the right. 





Additions to incubation medium Compounds formed 
































P-homoserine | threonine + phosphate P-homoserine P-threonine Enzyme Threonine Phosphate 
t | Threo- | Wes | « oo | Disa pmole umole mg | pmole pmole 
Water | aa | suet Water eine | niow dl 1 0.005 0.57 
Spice all Ree pene 1 | 0.03 0.03 
Atom % O* | | | | | 0.005 | 0.03 0.03 
Analysis 1 0.99 | 1.01 | 0.254 | 0.962 | 0.348 | 0.202 5 0.10 0.11 
Analysis 2..... 1.10 1.00 | 0.217 0.970 0.337 | 0.208 5 0.05 0.12 0.14 
Average....... 1.045 | 1.005 | 0.236 | 0.966 | 0.343 | 0.205 1 8 0.005 0.62 
Background 0.203 | 0.203 | 0.209 | 0.203 | 0.203 | 0.209 y aod 
Atom % excess O18 | * 
> | | ~ | 76 
Found.........| 0.842 | 0.802 | 0.027 | 0.763 | 0.14 | 0 °. himediandenaaiatatt 
Dilution.......} 10/1 | 3/1 | Soft | W/l | 2/) | 2/8 pee ae % % ii 
Corrected. .... 8.4 | 2.41 | 0.081 | 7.6 | 0.28 | 0 be F he 
| ‘tHa-cH-cooH ms 
Calculated O atoms | 0.86 | 0.04 10:11 10 ° 
from H:O per | | | HO-CHa-CHa-CH=COOH at al 
mole | NH 3 
nes re NE ae a: Sas 3 tea See SAAR tee es -0-P-o- CHg~ CH-CH~COOH 
| } NH2 
over NaOH pellets under reduced pressure. The residue was on ot | 
taken up in a small volume, freed of insoluble material, and ad- ! 


justed to pH 5.6 with a little LiOH (most of the threonine was 
already present in the isoelectric form rather than as the hydro- 
chloride). The solution from Experiment 1 contained 84 umoles; 
from Experiment 2, 115. Two- and 1-fold amounts of carrier 
threonine pH 5.6, were added, respectively. After evaporating 
to dryness, the residues were dissolved in 0.3 ml of HO, 4 vol- 
umes of ethanol were added, and threonine was allowed to crys- 
tallize in large needles overnight at +2°. LiCl does not precipi- 
tate under these conditions. After filtering on sintered disks, 
washing with cold 80% ethanol, and drying 1 hour at 100°, 
yields were: Experiment 1, 18.8 mg; Experiment 2, 15.7 mg. 


H,-CH-CH- Hi 
sai j sites CH3- CH- CH-COOH 
NH | 


H NH2 
“0-P-o- 
" 
t 
OH . 
bi teal COOH o 
NHo 
OH 


1 
+ “0-P-o 
a 


Fig. 1. Origin of oxygen atoms of threonine and phosphate in 
schemes for threonine synthetase reaction involving N-phospho- 
threonine or P-threonine as intermediates. Oxygen atoms orig- 
inating in water are indicated by bold face letters. 
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enzyme with P-homoserine 0.04 atom of solvent oxygen was in- 
corporated per mole of phosphate, a negligible amount in view of 
the discrepancy between the duplicate analyses; 0.86 atom was 
incorporated into threonine. In the control incubation of en- 
zyme and reaction products phosphate acquired no O"*, and 
threonine, only 0.11 atom of solvent oxygen per mole. In the 
case of the O"8 in the threonine formed from P-homoserine it is 
reasonable to assume, although the threonine was not degraded, 
that it is located in the hydroxyl which contains the newly in- 
troduced oxygen in the molecule. The location of O' in the 
threonine of Experiment 2 is unknown. If it is in the carboxyl, 
the value of 0.11 atom of solvent oxygen could be subtracted 
from the value for threonine of Experiment 1, to give 0.75 atom 
of solvent oxygen in the hydroxyl. 

The results indicate that one atom of solvent oxygen is in- 
corporated into threonine during the threonine synthetase reac- 
tion, and none into phosphate. It is not known why the observed 
value in threonine is somewhat less than one. Strong acid con- 
ditions can decompose threonine through dehydration. Perhaps 
the milder treatment of evaporating the Dowex 50 HCl eluates to 
dryness under reduced pressure can cause some exchange of the 
threonine hydroxyl with water. 

These results have several implications for the threonine syn- 
thetase mechanism. First, it should be mentioned that previous 
work of several investigators, such as that of Delluva (8), has 
shown that there is no rearrangement of the 4-carbon skeleton 
between aspartate and threonine. This eliminates the possibility 
of a “glycine transfer” mechanism analogous to the formation of 
6-methylaspartate from glutamate in Clostridium tetanomorphum 
(9). 

The specific reasons for considering the possibility of inter- 
mediary formation of P-threonine or N-phosphothreonine will be 
discussed in the following communication (10). As can be seen 
from Fig. 1, mechanisms of either type might be expected to 
yield patterns of solvent oxygen incorporation different from 
that observed. Thus a hydrolytic cleavage of P-threonine would 
introduce solvent oxygen into phosphate, and not into threonine. 

An atypical C—O hydrolytic cleavage of P-homoserine or 
P-threonine might conceivably give the result which was ob- 
tained. The former is ruled out because it would regenerate 
homoserine, which is enzymatically inactive (1). To test the 
latter, the ability of purified enzyme to decompose P-threonine 
was determined. The enzyme did not form appreciable amounts 
of either threonine or phosphate (or P-homoserine) from P-thre- 
onine (Table IV). P-threonine also did not markedly inhibit 
threonine synthetase. 

Phosphate is, therefore, removed by nonhydrolytic elimina- 
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tion, rather than hydrolysis, with cleavage at a C—O bond. 
This appears to be a novel mechanism for enzymatic decomposi- 
tions of phosphate esters of alcohols, though analogous mecha- 
nisms are probably involved in some early steps of squalene 
biosynthesis (11).2 An interesting nonenzymatic analogy is the 
recently reported alkali-catalyzed elimination of phosphate from 
casein (12), which could account for the long puzzling alkali- 
lability of phosphate esterified to serine in peptide linkage, in 
contrast to the stability of free P-serine. The possibility is 
suggested that P-serine of phosphoproteins may also be found 
to undergo enzymatic elimination reactions, as in the case of 
phosphate transfer involving intermediary phosphorylation of an 
enzyme serine residue. However, P-serine and P-homoserine are 
quite different kinds of compounds. 


SUMMARY 


When O-phosphohomoserine is incubated with threonine syn- 
thetase in H,0"*, one atom of solvent oxygen is incorporated into 
threonine, and none into phosphate. Phosphate is formed by 
nonhydrolytic elimination, rather than hydrolysis, with cleavage 
at the C—O bond of the phosphate ester. 
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2 This analogy was pointed out to us by Dr. T. Tchen, to whom 
we are greatly indebted for suggesting the experimental approach 
which we have followed, and for discussing preliminary results 
which he had obtained with Dr. L. P. Hager on the mechanism of 
yeast threonine synthetase. 
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Previous communications have described the purification from 
Neurospora of an enzyme which forms threonine and phosphate 
from O-phosphohomoserine (1). The enzyme appeared to be a 
single protein which required pyridoxal phosphate for activity. 
When the reaction was carried out in O"8-labeled water, O'8 was 
incorporated into threonine, but not into phosphate (2). Phos- 
phate is thus formed by nonhydrolytic elimination, rather than 
hydrolysis, with cleavage at the C—O bond of the phosphate 
ester. 

The elimination of phosphate must be intimately coupled to 
the rearrangement from primary to secondary alcohol, and this 
communication deals with studies of the mechanism of the 
coupled isomerization. The problem initially formulated was to 
choose between the two alternatives illustrated schematically in 
Fig. 1, which do not presuppose any particular kind of role for 
pyridoxal phosphate. The formulation was derived from studies 
of the aconitase reaction (3), in which hydroxyl migrates to an 
adjacent carbon, but without intermediary phosphorylation. On 
the left (Fig. 1), phosphate is eliminated together with a proton 
from the adjacent carbon, to yield an olefin, vinylglycine, which 
is then hydrated to threonine. On the right, phosphate elimina- 
tion is coupled with shift of a hydride ion from 8 to y carbon, 
followed by addition of an hydroxyl ion to yield threonine. The 
hydride-shift mechanism has been proposed for aconitase, al- 
though the results are complicated by equilibration, through a 
side reaction, with the corresponding olefin, cis-aconitate (3). 

Since vinylglycine was not available, the alternative hypoth- 
eses were tested by carrying out the enzymatic reaction in water 
labeled with tritium or deuterium. The olefinic mechanism 
(Fig. 1) should lead to the incorporation of one nonexchangeable 
solvent hydrogen into the + position of threonine. 

The results obtained indicate that this is the case, and that 
the reaction proceeds through an intermediary derivative of 
vinylglycine (4). <A tentative detailed mechanism, which ac- 
commodates the requirement for pyridoxal phosphate, will be 
presented on the basis of the additional findings that a second 
solvent hydrogen is introduced into the @ position of threonine, 
and that there is a rapid exchange of hydrogen between solvent 
and residual O-phosphohomoserine (4). 


EXPERIMENTAL 


Preparations—Threonine synthetase and P-homoserine’ prep- 
arations have been described (1). Tritium-labeled water was 


* Established Investigator of the American Heart Association. 

1 The abbreviations used are: P-homoserine, O-phosphohomo- 
serine; pyridoxal-P, pyridoxal phosphate; EDTA, ethylenedi- 
aminetetraacetate. 


obtained from Tracerlab, and D.O (more than 99.5% pure) from 
New England Nuclear Corporation. Hyamine-10X was ob- 
tained from Rohm and Haas Company, recrystallized as chloride, 
and prepared for use as methanolic solution of hydroxide (5), 
Containers for liquid scintillation counting were 5-dram Crystal- 
lite vials obtained from Wheaton Glass Company. Tabless 
plastic caps were discarded after use. Cholestenone-H, used as 
a tritium standard for determining counting efficiency, was a 
gift from Dr. Martha Vaughan. 2,5-Diphenyloxazole was ob- 
tained from Pilot Chemicals, Inc. The commercial sample of 
pL-allothreonine used contained about 50% threonine by paper 
chromatography. 

Enzyme Incubations in H;0—Three experiments were per- 
formed, with threonine synthetase purified, respectively, 6-, 90-, 
and 500-fold (1). In each experiment P-homoserine, and as a 
control threonine + phosphate, were incubated with and with- 
out enzyme under various conditions described in Tables III and 
IV. Pyridoxal-P was added in some cases, although the two 
more purified enzymes did not require it. The pH of the un- 
buffered mixtures was checked periodically and maintained at 7 
to 7.3. The specific radioactivity of the water was assayed dur- 
ing each incubation by adding 0.05 ml of suitably diluted in- 
cubation mixture to 11 ml of toluene-phosphor (6 g of 2,5-di- 
phenyloxazole per liter of toluene) and 4 ml of methanol. The 
reaction was stopped by heating 20 minutes at 100°, H:O was 
removed under reduced pressure, and protein precipitated, where 
necessary, by reheating in H,O at pH 5.5 (2). 

Isolation of Threonine and P-homoserine—Threonine and P-ho- 
moserine were isolated by paper chromatography (Table I) in 
three previously described solvent systems: 1, cyclohexylamine- 
methylethylketone-butanol-water ; 2, 80% phenol; 3, isopropanol- 
formic acid-ammonia (1). In Experiment 1 of Table IV, solvent 
1 alone was used; in subsequent experiments threonine and P-ho- 
moserine were eluted and rechromatographed in solvents 2 and 
3, respectively. In the course of these procedures the amino 
acids were repeatedly dissolved in unlabeled water and evapo- 
rated to dryness, thereby removing exchangeable tritium linked 
to oxygen or nitrogen. Narrow guide strips were cut and sprayed 
with ninhydrin and phosphate reagents (6) in each case before 
eluting the amino acids. To obtain satisfactory ninhydrin stain- 
ing, papers from solvent 1 were first steamed in an autoclave, 
and those from solvent 3 were allowed to hang 2 days in an air 
current in a hood. Glycylglycine buffer, when it had been pres- 
ent in the enzyme solution, was separated from threonine and 
P-homoserine (Table I). 

Aliquots of final eluates were assayed for threonine by the 
alcohol dehydrogenase method (1). Paper blanks were zero. 
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P-homoserine was determined by the quantitative ninhydrin 
method (2) after evaporating the aliquot to dryness with 10 
ymoles of NAOH. Its color yield was assumed to be equal to 
that of homoserine, and a small paper blank was subtracted. 
After some longer enzymatic incubations (Table IV, bottom line) 
little unutilized substrate remained, and the error in determina- 
tion of P-homoserine was relatively large. 

Tritium Assay—For solubilization in toluene, aliquots of amino 
acids were evaporated to dryness in counting vials, and left over- 
night with 1 ml of methanolic hyamine hydroxide. Eleven mil- 
liliters of toluene-phosphor were then added, and the vials kept 
for 2 hours in the —10° freeze-box of a Packard Tri-Carb liquid 
scintillation spectrometer before counting (7). Counting ef- 
ficiency was determined by adding standard cholestenone-H* to 
each experimental vial and recounting. Solvent systems for 
waterand aminoacids gave about4% efficiency ; toluene-phosphor 
alone, used for acetaldehyde dimedon (see below) about 10%; 
and toluene-phosphor +0.2 ml of hyamine, used for derivatives 
of glyoxylate and acetate, gave intermediate efficiency. Results 
in Tables II to IV have been corrected to the efficiency of one 
reference system. The larger amounts (5 to 15 mg) of the three 
derivatives of threonine degradation products, though colorless, 
gave additional variable quenching. It was, therefore, essential 
to determine efficiency in each individual vial. S-Benzyl-iso- 
thiuronium acetate is decomposed by hyamine, but this does not 
interfere with tritium assay. 

Degradation of threonine—Substrate and product each contain 
five nonexchangeable, carbon-bound hydrogen atoms per mole- 
cule. To separate the a from 6 + y hydrogen atoms, threonine 
was oxidized to acetaldehyde + glyoxylate, and to obtain the 3 
y hydrogen atoms alone, acetaldehyde was oxidized to acetate. 
Large amounts of carrier threonine were added (Table V). De- 
rivatives of degradation products were purified by recrystalliza- 
tion, characterized by melting points, and the yield determined 
gravimetrically. 

Carrier and labeled threonine, pH 7.2, were added to a reaction 
vessel connected to two receiving tubes in series in an all glass 
reaction train. For acetaldehyde isolation, trapping reagent for 
the receivers was prepared as follows: 400 mg of dimedon was dis- 
solved in 90 ml of H.O by shaking 1 hour, and 4 mmoles of neutral 
phosphate buffer were added, and sufficient NaOH to make the 
pH 6.3. Neutral periodate was prepared by adding to 1.2 ml of 
0.2 Mm sodium metaperiodate (for 200 uwmoles of threonine), 4 ml 
of water, and NaOH to make the pH 7.2. Periodate was added 
to the stoppered threonine solution at room temperature. After 
1 minute, N HCl was added to bring the pH to 1.5, followed at 
once by sufficient 1.2 m arsenite to decolorize (0.7 ml). The pH 
was readjusted to 6.5 with n NaOH. Threonine is oxidized 
more rapidly than its immediate product, glyoxylate, which, how- 
ever, was decomposed by periodate within 3 minutes. Therefore, 
only a slight excess of periodate was used and the excess promptly 
reduced with arsenite. Acetaldehyde was then transferred into 
dimedon by passing N2 through the reaction train for 90 minutes 
at } liter per minute. The dimedon solution was adjusted to pH 
3.9 with n HCl, left 2 hours at 25°, and acetaldehyde-dimedon 
filtered out on sintered glass, m.p. 141 to 142° before and after 
recrystallization from aqueous methanol. To the glyoxylate so- 
lution in the reaction tube, adjusted to pH 2 with n HCl, was 
added 70 mg of dimedon dissolved in 0.5 ml of ethanol. After 
heating 3 minutes at 100° and cooling, glyoxylate-dimedon was 
filtered out, recrystallized from aqueous methanol, and dried 30 
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Fig. 1. Schematic representation of olefinic (left) and hydride- 
shift (right) mechanisms for threonine synthetase reaction. 


Oxygen and hydrogen atoms originating in the solvent are shown 
in bold print. 


TABLE I 


Paper chromotographic Ry values of threonine and other compounds 












































e , | 8 3 2 | 
al & 8 | .2 60 ef 3 ef £ | 3 
$) 6 |S |e |e je ja |e le lols 
1 | 0.54 | 0.42 0.26 | 0 0 | 0.33 0.05) 
2 | 0.53 | 0.53 | 0.63 | 0.1 | 0.93 | 0.05) 0.73 0.40| 0.15 
3 | 0.80 0.80 | 0.30 0.40 0.75| 0.67 
! 
TaBLeE II 


Exchange of carbon-bound hydrogens of threonine with tritium-labeled 
water during oxidative degradations to glyoxylate and 
acetaldehyde or acetate 











Total radioactivity 
Specific 
Experiment Compound : Efficiency |radioactiv- 
Aliquot | Observed | camected | Hy 
sample 
pmoles c.p.m. c.p.m. pf 
1. Water A* 11 7,600 | 7,600 690 
CH;CHO-dimedon 18 11 4 0.2 
2. Water A ll 15,300 | 15,300 | 1,390 
HOOCCHO-dimedon 44 150 117 3 
3. Water A 17 18,700 | 18,700 | 1,100 
Water B 17 | 15,200 | 15,200 900 
Water C 17 12,400 | 12,400 730 
HOOCCHO-dimedon 59 240 177 3 
CH,;COO--benzy1-iso-thi- 28 | 15,600 | 15,200 540 
uronium salt 

















* Water aliquots A from periodate oxidation solution; B from 
bisulfite trap for CH,CHO; C from alkaline hydrogen peroxide 
oxidation solution. 
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minutes at 100°; m.p. about 240° with gradual decomposition 
above 200°. 

For degradation of threonine to glyoxylate and acetate, perio- 
date oxidation was carried out in the same way, but the dimedon 
traps were replaced with a bead tower containing 30 ml of 2% 
bisulfite (8). Acetaldehyde was recovered from bisulfite by 
distilling 3 of the volume, after adding 6 g of KZHPO, (8). The 
distillate was adjusted to pH 10 with n NaOH, and heated 20 
minutes at 70° with 0.3 ml of 30% HO», with an ice-water con- 
denser. Oxidation to acetate stops if the pH falls below neu- 
trality. The solution was shaken with zinc dust, filtered, stirred 
with Dowex 50 H’*, filtered, pH adjusted to 8.5 with NaOH, and 
evaporated on the steam bath to dryness. The sodium acetate 
was converted to the S-benzyl-iso-thiuronium salt (9), and re- 
crystallized from aqueous ethanol, m.p. 130 to 132°. 

Unlabeled threonine was degraded in tritium-labeled water in 
order to determine whether the above two procedures resulted 
in any exchange of the 5 carbon-bound hydrogen atoms with 
water. Table II shows that acetaldehyde and glyoxylate did 
not exchange under these conditions. However, extensive ex- 
change occurred during oxidation of acetaldehyde to acetate. 
Conditions have not yet been found which permit separate de- 
terminations of tritium in the 6 and y¥ positions of threonine. 

Attempts were also made to obtain the 8 + y hydrogen atoms 
of P-homoserine separately from the a. After dephosphoryla- 
tion with alkaline phosphatase, it was not possible to isolate an 
appreciable yield of B-hydroxypropionate by silver oxide oxida- 
tion. 

Deuterium Experiments—To compare threonine synthetase 
rates in H,O and D,O, substrate and buffer were evaporated to 
dryness together and redissolved in water or 100% D,O (Fig. 2). 
The small amounts of enzyme were dried in test tubes in a desic- 
cator 20 minutes at high vacuum. Substrate-buffer solutions 
were added to enzyme to start the reaction. 

Because of the slower rate in D.O and limited amount of 
purified enzyme, it was necessary to use a long incubation in the 
experiment for isolation of deuterated threonine, and to rely on 
the previous tritium experiments for controls. P-homoserine, 
120 umoles by phosphate analysis, and 200 umoles of dimethyl- 
glutarate buffer, pH 7.3, were evaporated to dryness together, 
and redissolved in 8 ml of 100% D.O. After adding 10 umoles 
of pyridoxal-P to 3.3 units of 4B enzyme, (1) specific activity 
0.92, it was redialyzed against dimethylglutarate buffer, lyo- 
phylized, dissolved in substrate-D,O0 solution, and incubated at 
30°. Threonine formation continued at a constant rate, which 
began to decline when 80 ymoles had been formed at 340 min- 
utes. The reaction was stopped at 360 minutes, and threonine 
isolated as in O'8 experiments (2). By Dowex 50 chromatog- 
raphy, 77 umoles of threonine were recovered. After adding 
691 pmoles of carrier, 66.5 mg of crystalline dipolar ion were ob- 
tained. A portion was degraded to acetaldehyde and glyoxylate 
as described above, without further dilution. Deuterium anal- 
yses were done by the falling drop method, and reported as atom 
% excess deuterium.? 


RESULTS 


The extent of incorporation of tritium from water into thre- 
onine and P-homoserine, in incubations with threonine syn- 
thetase at three different stages of purification, is shown in Tables 


2? Analyses by Josef Nemeth, 303 W. Washington, Urbana, 
Illinois. 
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III and IV. The observed counting results and efficiency cor- 
rections for the experiment with 500-fold purified enzyme are 
also given in Table III, to facilitate evaluation of the reliability 
of the results. The values given in the last two columns of 
Table IV for the number of solvent hydrogen atoms incorporated 
into 1 mole of threonine or P-homoserine presuppose, of course, 
that the enzyme does not discriminate between tritium and nor- 
mal hydrogen. 

The results show that very little solvent tritium was incorpo- 
rated into threonine formed enzymatically from P-homoserine, 
and that the amount did not increase with time of incubation 
(Table IV). Addition of pyridoxal-P had no effect, and no ex- 
change of tritium into the amino acids occurred when enzyme 
was omitted. When the reaction products were incubated with 
crude enzyme, appreciable tritium was incorporated into thre- 
onine. If this exchange, which was largely lost with further 
purification, is subtracted from the tritium incorporation into 
newly formed threonine (Table IV, Experiment 1), the extent of 
the latter can be seen not to change with purification of the en- 
zyme. 

In contrast, the enzymatic exchange of solvent tritium into 
residual unutilized P-homoserine was much larger than the in- 
corporation into newly formed threonine. It was not affected 
by purity of enzyme, increased with time of incubation, and in 
longer incubations reached a value greater than 1 solvent hydro- 
gen atom per mole of P-homoserine. The latter result, however, 
could be due to tritium enrichment in a single position of P- 
homoserine, resulting from discrimination against tritiated sub- 
strate in a subsequent enzymatic step. The substrate hydro- 
gen atom(s) thus labeled by exchange with solvent must 
obviously be lost in the course of threonine formation. 

The alternative schematic mechanisms of Fig. 1 predict the 
incorporation of 1 or zero solvent hydrogen atoms into the y 
position of enzymatically formed threonine. The above results 
indicate a total incorporation of 0.12 solvent hydrogen atoms. 
To determine whether this was in the y position, aliquots of 
threonine formed in short and long incubations with 500-fold 
purified enzyme (Table IV, Experiment 3) were degraded. It 
was found that three-fourths of the tritium was in the a position 
(Table V). 

Since substrate and product each have five nonexchangeable 
hydrogen atoms, the low tritium content of threonine in the face 
of tritiation of both substrate and solvent indicated that there 
was selection against tritium in the threonine synthetase reac- 
tion. If, in fact, the reaction involved the incorporation of one 
solvent hydrogen atom into the @ and one into the 8 + vy posi- 
tions, the rates of reaction with tritium relative to protium would 
have to be 10% for the former, and 2 to 3% for the latter. A 
selection of 40 to 1 against tritium appeared to be unusually 
high (10, 11), and misled us to tentatively conclude (12) that 
the reaction probably did not proceed through an intermediate 
derivative of vinylglycine (Fig. 1). However, to circumvent 
isotope selection, the reaction was next carried out in 100% D.O. 

Preliminary experiments showed that the rate of the enzymatic 
reaction in 100% D.O was about 15% of that in H.O (Fig. 2). 
Threonine was then isolated, and a portion degraded, from a 
long, large scale incubation in D.O. For controls, reliance was 
placed on the relatively unequivocal tritium experiments show- 
ing that purified enzyme does not catalyze exchange between 
reaction products and solvent, and that incorporation of solvent 
hydrogen into newly formed threonine is not a function of time 
of incubation. 
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TaBLe IIT 
Incorporation of solvent hydrogen into substrate and product during reaction of purified threonine synthetase in H3O 
All 4 incubation mixtures contained 12.5 to 100 mc of tritium in 0.50 ml of water. Incubated at 31°, pH 7 to 7.3, for time indicated. 


Other additions, where indicated (in umoles): P-homoserine, 5.4; L-threonine, 6; potassium phosphate, 6; threonine synthetase 4B, 
specific activity 1.72, 0.07 mg. 






































Incubation, additions and time Total radioactivity 
‘ Compound isolated Specific radioactivity 
Th A 
No. — ee we Enzyme | Minutes | Aliquot counted Observed ay 
en ae | 
| umole c.p.m. c.p.m. i c.p.m./pmole 
l + + - 60 Water 0.167 7,640 7,640 23,200 
P-homoserine 0.11 0 0 0 
Threonine | 0.50 0 0 0 
| 
2 - + + 60 Water 0.167 7,270 7,270 22,000 
P-homoserine* | 0 0 0 
Threonine | 0.51 170 145 285 
3 + “ + 15 Water | 0.055 9,310 9,310 84,600 
P-homoserine | 0.10 5,140 4,420 44,200 
Threonine | 0.10 1,420 1,220 12,200 
4 ~ - + | 60 Water | 0.083 10,100 10,100 60,600 
P-homoserine 0.10 9,890 8,500 85,000 
| Threonine 0.12 1,050 | 904 7,520 
| 














* Although no P-homoserine could be detected by ninhydrin assay after paper chromatography, in incubation 2, aliquots of ap- 
propriate eluates were assayed for radioactivity, as the results of incubation 4 indicated that this would provide a sensitive test for 
reversibility. 






































TaBLe IV As shown in Table VI, exactly two atoms of solvent deuterium 
Incorporation of solvent hydrogen into substrate and product during were now incorporated into 1 mole of threonine, 0.98 in the a 
reactions of crude and purified threonine synthetase in H3O and 0.99 in the 8 + ¥ positions. From the latter result it may 
7 ‘teistealinn seaditiacaleihia salu be concluded that, in contrast to aconitase (3), the threonine 
—— synthetase reaction proceeds by an olefinic rather than a hydride- 
ay” atoms shift mechanism (Fig. 1); moreover, when carried out in the 
rom H:2O per 3 : : ‘ . , ga 
can f a g mole presence of H,O, there is an unusually high isotopic discrimina- 
s\n) 21 al 1's > tion against solvent tritium. 
2 activity 2 r= s g © 3 oo) 4 
: 2 sl4aiée E & | &e § 
& Zi1é6@| 3 = iS 2 | £8 2 DISCUSSION 
is ae} eo] em | & a Gia | & 
“TT ea aa as. A tentative mechanism for threonine synthetase may now be 
units/mg. pmoles| wmoles| wmoles| umole mg min B e : " ; 
| considered. In Fig. 3 two alternative mechanisms are outlined: 
1 0.02 3.6 0.3 60 | 0 . 4 f : 
| (step 3) 2.4 0314.9 | 60 /9.12 A, corresponding to the hydride shift, and B to the olefinic mech- 
| 3.6 0.3/4.9 | 30 | 0.62 | 0.29 anism, diagramed schematically in Fig. 1. A and B are exten- 
| 3.6 0.3| 4.9 | 60 | 0.78 | 0.26 sions of two hypothetical alternative mechanisms proposed by 
| | Metzler et al. (13) for the model y-elimination reaction of homo- 
2 | 0.30 2.4] 2.4] 0.4] 0.38 | 15 | 0.003 serine. In the model reaction, homoserine, heated in aqueous 
(step 4B)f 2.4 | 2.4 | 0.4 | 0.38 | 60 | 0.008 solution containing pyridoxal and metal ions, decomposed to 
| 3.6 0.4 | 0.38 | 15 0.09 yield _a-ketobutyrate, ammonia, and water. The results de- 
3.6 0.4 | 0.38 | 30 | 0-11 scribed above and previously (1, 2) appear to be consistent with 
“ mS pees a = “ mechanism B of Fig. 3, in which all intermediates are considered 
: ; to be enzyme-bound. 
5 1.72 5.416 6 60 | 0 0 The reaction is initiated by Schiff base formation between 
(atop 4B) ; 6 6 0.07 | 60 | 0 0.013. enzyme-bound pyridoxal-P and P-homoserine, followed by a re- 
5.4 | 0.07 | 15 | 0.52 | 0.14 versible conversion to the quinoid tautomer in which the a hy- 
5.4 | 0.07 | 60 | 1.40 | 0.12 drogen of P-homoserine is lost as a proton (I ~ II — III). If 























- these reactions are freely reversible, the extent of incorporation 
* Incubation conditions in Experiments 1 and 2 were, in gen- of solvent tritium into the a position of P-homoserine will not 


eral, the same as in Experiment 3, described in Table III. “el ; [ nae nin 3 ‘ 
t This 4B enzyme fraction was obtained from DEAE-cellulose be limited by relative rates of addition of tritium ions and pro 


without pyridoxal-P in the eluting solutions (1). However, it tons, and will increase with time of incubation as isotope equi- 
showed no requirement for added pyridoxal-P, and was yellow librium is approached. 
after concentration. In the quinoid tautomer (III) a 6 hydrogen of P-homoserine 
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TABLE V 


Distribution of tritium in glyoxylate and acetaldehyde obtained from degradation of threonine-H* 
isolated from threonine synthetase incubations in H30 


Equal aliquots of threonine-H* samples were counted directly, and mixed with carrier threonine for periodate oxidation. 


Yields 


of recrystallized dimedon derivatives of glyoxylate and acetaldehyde were determined gravimetrically, and these samples were then 


also counted. Results were corrected to the efficiency of the solvent system used for threonine. 


The last column indicates the num- 


ber of solvent hydrogen atoms introduced into different nonexchangeable positions in threonine, during threonine synthetase reaction 



































in H30. 
Total radioactivity 
Carrier 
- h . f Carbon-bound Hi? of Hydrogen 
ep Amount Compound assayed ’ caked oe |Corrected to ae of threonine a) — 
a. Observed | poe Sane ot sample ane a mole 
sample 
| 
pmole pmoles pmoles c.p.m,. c.p.m. | c.p.m. % 
No. 3 0.083 | Threonine 0.083 | 1,180 | 1,180 1,180 |a+B+3~y| 100 0.14* 
Table III HOOCCHO-dimedon 200 129 570 | 880 | 620 |a@ 53 0.074 
CH;CHO-dimedon 200 71 180 | 510 | 230 B+3y7 20 0.028 
| 
No. 4 0.36 Threonine 0.36 3,150 | 3,150 | 3,150 a+B+3y7 100 0.12* 
Table III HOOCCHO-dimedon 150 42 805 | 2,870 | 2,620 |a 83 | 0.10 
CH;CHO-dimedon 150 32 360 1,690 680 B+3y7 21 0.025 





* From data in Table IV. 
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THREONINE (/:MOLES) 














MINUTES 


Fie. 2. Rates of enzymatic formation of threonine in H:O and 


100% D.O. Incubation mixtures contained: glycylglycine, pH 
7.4, 60 uzmoles; P-homoserine, 2 umoles; and lyophilized threonine 
synthetase 4B, specific activity 0.92. Incubated at 30° in 1 ml 
of HO or D:O. A——A, 0.02 mg of enzyme in DO; A——A, 
0.02 mg in H.0; @——@, 0.05 mg in D.O; O——O, 0.05 mg in 
H.0. 


TaBLeE VI 


Incorporation of solvent hydrogen into threonine during 
threonine synthetase incubation in 100% DO 























Hydro- | Hydro- 
Atom % oh ay Corrected gen gen 
Compound D Dilution | atom % t atoms 
aes excess D out aa ony 
Water 5.01, 5.03 | 20:1* | 100 
Threonine 2.07 10:1 20.7 9 1.9 
HOOCCHO-dimedon 0.41 10:1 4.1 24 0.98 
CH;CHO-dimedon 0.38 10:1 3.8 26 0.99 





* By volume. 





is labilized through being adjacent to a conjugated series of 
double bonds,’ and is eliminated as a proton, together with phos- 
phate, with the formation of the corresponding derivative of 
vinylglycine (III — VIII).4 Coupled to withdrawal of electrons 
from the pyridine ring, a solvent proton is added to the y posi- 
tion (VIII — IX), with the formation of the a, 8 unsaturated 
intermediate (IX). In this enzyme-bound tautomerization step 
the rate of addition of tritium ions must be only 2 to 3%, and 
that of deuterium ions at least 15%, of that of protons. Addi- 
tion of water in the predicted manner to the a,8 double bond 
will now introduce a second solvent hydrogen atom, in the a 
position, and a solvent oxygen in the hydroxy], to yield the Schiff 
base of threonine (IX — X — XI). 

In mechanism A of Fig. 3 the elimination of phosphate is 
visualized as coupled to a hydride shift from 6 to y position, 
driven by the push of electrons out of the quinoid pyridine ring 
and the electronegativity of the phosphate group (III — IV). 
Solvent hydrogen is thus introduced only into the a position of 
threonine (VII). Since, however, IV and IX are tautomers of 
VIII, one might visualize the introduction of solvent hydrogen 
into the y position through an exchange reaction mediated by 
rapid interconversion of the tautomers. This seems to us to be 


’ Facilitation of this step by the coenzyme may by visualized 
as mainly due to the imino bond, with the ring playing a rela- 
tively minor role: 


a 
o~ H co; o~ H co; 
0 P-0 c C=C : e t 
: He- EFC 4 Pe ENO eG aE 
I7 Nw ! he 
om H | o- ) 
CH CH 
O O 
H H 


4The intermediary formation of vinyglycine in this reaction 
was originally proposed by Teas, Horowitz, and Fling (14). 
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Fic. 3 Alternative mechanisms for threonine synthetase. 
in bold: print. 


unlikely because of the quantitive aspects of the results with 
deuterium and tritium. Since in an exchange reaction there 
would be a choice between hydrogen isotopes in both cases, it 
would seem unlikely that one atom of deuterium would be intro- 
duced and so little tritium. And if the exchange were not stereo- 
specific, as it might well not be, for one of the hydrogen atoms 
of a terminal methyl group, there would be no reason to stop 
short at exactly one atom of deuterium. The high selection 
against tritium might also raise the question whether the reac- 
tion could conceivably follow mechanism A in HO and B in 
D.O, but this does not seem likely. 

Although the results are consistent with mechanism B, direct 
evidence, such as isolation of intermediates, is lacking. Atten- 
tion is directed to the fact that there are other potential prosthetic 
groups in pyridoxal-P, by the recent finding that the intact alde- 
hyde group is not essential to activity in the phosphorylase reac- 
tion, which has in common the formation of orthophosphate from 
an ester (15). However, the phosphate of pyridoxal-P does not 
turn over during the phosphorylase reaction (16). Although 
pyridoxamine-P and pyridoxine-P can, at higher concentrations, 
replace pyridoxal-P in the threonine synthetase reaction (1), they 
might be converted to the latter by the relatively impure apo- 
enzyme preparations so far available (17). Deoxy-pyridoxine-P, 
which does not have the same potentiality, cannot replace pyri- 
doxal-P, but can be bound to the active site, since it inhibits re- 
activation of apoenzyme (1). Phosphate appears to be essential 
for binding (1). 

The small incorporations of solvent oxygen and hydrogen into 
threonine when it is incubated with purified threonine synthetase 


Oxygen and hydrogen atoms originating in the solvent are shown 
Pyridine substituents have been omitted from the intermediates for convenience. 


may indicate partial reversibility, though the location of the 
isotope has not been determined in these cases. The over-all 
reaction proceeds qualitatively to completion (1), and tritium 
experiments provide a relatively sensitive negative test for P- 
homoserine formation from threonine (Table III). 

Mechanisms A and B are derived from those originally pro- 
posed for the y-elimination reactions of homoserine (13), and the 
relation of these to threonine synthetase brings us to the point of 
departure for these studies, the utility of the seemingly needless 
expenditure of phosphate bond energy (1). The 7-elimination 
reactions lead irreversibly to the formation of HO, H.S, or RSH, 
respectively, from homoserine, homocysteine, or cystathionine, 
the other products in each case being a-ketobutyrate and am- 
monia (13, 18). The mechanisms of these reactions have not 
yet been studied, but if they follow either of those which have 
been postulated (13), they will lead to an intermediate (Fig. 3, 
IV or IX) identical with onein the proposed mechanism for 
threonine synthetase. The final product will then depend only on 
the sequence of addition of two moles of water (Fig. 3)». If the 
Schiff base is hydrolyzed first, the resultant imino acid will un- 
dergo spontaneous hydrolysis to a-ketobutyrate and ammonia. 
It was our initial expectation that phosphate might be found 
to play some role in preventing this consummation of the y-elim- 
ination, which is also exergonic. The possibilities of intermedi- 
ary formation of P-threonine or N-phosphothreonine were con- 
sidered because they could have served this function (2). 
However, the evidence so far is against such a specific role for 
phosphate in the threonine synthetase reaction (2) ; this role must 
rather be attributed to the enzyme. 
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As has been documented for the B-eliminations (19), phos- 
phorylation will facilitate the reaction because it introduces a 
substituent more electronegative than OH. The expenditure of 
ATP can at present be understood only as a means for shifting 
the equilibrium in favor of the accumulation of threonine, a pro- 
tein building block. 


SUMMARY 


When O-phosphohomoserine is incubated with purified thre- 
onine synthetase in 100% D.O, newly formed threonine acquires 
exactly two atoms of deuterium, one of which is in the a position. 
The rate of the reaction is 15% of that in H.0. 

When the same reaction is carried out in tritium-labeled water, 
very little tritium is incorporated into threonine, corresponding 
to the acquisition of 0.10 atom of solvent hydrogen in the a 
position, and 0.025 atom in the 8B + y positions. Negligible 
amounts of tritium are incorporated when reaction products are 
incubated with enzyme. Residual, unutilized O-phosphohomo- 
serine acquires much larger amounts of tritium, which increase 
with time of incubation. 

A mechanism is proposed for the threonine synthetase reaction, 
involving the intermediary formation of an enzyme-bound Schiff 
base of vinylglycine and pyridoxal phosphate. Addition of pro- 
tons to the latter apparently occurs at a rate 40 times greater 
than the addition of tritium ions. 
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Mechanisms of growth! control of mammalian cells are of 
interest as a basic problem in biology and, in addition, because 
of their relationship to tumor formation. It is intriguing to know 
by what means cell multiplication in mammals (and in other 
organisms as well), even in young ones, is largely suppressed in 
spite of the genotypic capability for rapid growth of at least 
some of their cells. 

Although no mechanisms have been elucidated, the more ob- 
vious possibilities include the synthesis of growth inhibitors to 
restrain themselves or other cells and the existence of one or more 
growth-limiting factors for each cell type. Viewed in a broad 
sense, these hypotheses embrace considerations like the occur- 
rence of intracellular enzymes which degrade compounds required 
for cell multiplication and deficiencies in one or more enzyme 
activities essential for growth. 

The ideal biological tool for the study of mammalian growth 
control mechanisms is not obvious. With regard to primary 
cultures,? their obscure origin and the possibility of genotypic 
and phenotypic changes during even brief growth in vitro, seri- 
ously detract from their usefulness. On the other hand, their 
proximity in time to the’situation in vivo, and the other advan- 
tages they offer recommend their use for at least initial studies 
of growth control. 

With primary cultures from rabbit liver, growth inhibitors 
were sought in extracts of various rabbit organs and in serum. 
Only liver preparations were inhibitory and their activity ap- 
peared to derive solely from their content of arginase which de- 
pletes the medium of an amino acid essential for growth (1). 

During the course of these studies, it was observed that further 
growth of the primary liver’ cells occurred poorly or not at all in 
a medium capable of supporting the rapid multiplication of sev- 
eral lines* of cultured mammalian cells. The additional growth 
requirement of the liver cells, initially provided as rabbit kidney 
extract, was found to be satisfied by relatively high concentra- 
tions of folic acid or its derivatives, or by a mixture of thymidine 
and a purine. Unexpectedly, the growth of cells from other 


* This investigation was supported by a research grant from 
the National Institutes of Health, United States Public Health 
Service. 

1 Growth is used to describe an increase in cell or nuclear num- 
bers. 

2 The term, ‘‘primary culture,’ is used to describe the product 
of the initial cultivation of cells obtained from the animal. 

3’ The names applied to the cultured cells indicate only the or- 
gans of their origin; no relationship to one or more cell types in 
the animal should be inferred. 

‘The term, ‘‘cell line,’”’ is used to describe mammalian cells 
which have been cultivated in vitro for a long period of time. 
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rabbit primary cultures, kidney and lung, was also stimulated 
by high folic acid levels. 

The purpose of this report is to describe the growth promoting 
activity of folic acid and its derivatives, to present the evidence 
for the identity of the active agent with folic acid, and to con- 
sider a mechanism of growth control involving the control of 
nucleic acid synthesis. 


EXPERIMENTAL 

Materials—The basal growth medium contained the amino 
acids (including glycine and the other “nonessential” ones), in- 
organic salts, glucose, reducing agents, vitamins, and antibiotics 
suggested by Healy et al. (2) and was supplemented with 15% 
beef or human serum. The complete beef serum medium con- 
tained about 1.4 X 10-* umole of folate per ml as estimated in a 
bacteriological assay. 

Primary cultures were prepared from organs of 4- to 6-week- 
old rabbits. After mincing with scissors, the cells were dispersed 
by trypsinization (0.25% Difco pancreatic trypsin 1:250) for 45 
to 60 minutes (37°) in a Virtis homogenizer. With liver, the 
trypsin solution was discarded and replaced with fresh solution 
after 10 minutes of stirring. This step appeared to reduce the 
debris in the final preparation and to yield better cultures. The 
dispersed cells, removed from the trypsin by centrifugation, were 
thrice-washed with growth medium and 1-ml aliquots of the cell 
suspension (5 X 10° cells per ml) were dispensed to Petri dishes 
(60 mm in diameter) containing 3 ml of growth medium (human 
serum medium for liver and lung, beef serum medium for kidney). 
The medium was replaced after 3 and again after 7 days. About 
0.1 to 1% of the inoculated cells appear to be capable of growth 
indicating that 6 to 8 doublings occur in the formation of the 
primary cultures (2 to 3 X 108 cells per culture). 

Stock cultures of HeLa (3) and AMK 2-2 (4) cells were main- 
tained in the beef serum medium. 

Crystalline folic acid was obtained from the Nutritional Bio- 
chemicals Corporation and from the Mann Research Labora- 
tories. Folic and 10-formylfolic acids, purified by a procedure 
similar to the one of Sakami and Knowles (5), were'generously 
provided by Dr. Milton Silverman, National Institutes of Health. 
A sample of 5-formyltetrahydrofolic acid, purified from horse 
liver (6), was a gift from Dr. Silverman and the synthetic com- 
pound (leucovorin) was kindly supplied by Dr. S. M. Hardy, 
Lederle Laboratories. Dr. Hardy also provided pteroyltriglu- 
tamate (teropterin). 

2-C'-Thymidine was a product of the New England Nuclear 
Corporation. Unlabeled purines and pyrimidines and their deriv- 
atives were obtained from the Sigma Chemial Company and 
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from the Nutritional Biochemicals Corporation and were used 
without further purification. 

Assay Procedure—Unless otherwise indicated, growth assays 
were carried out in a medium containing glycine and with primary 
cultures 0 to 3 days after they had formed confluent monolayers. 
With liver and kidney cultures, the time required to yield a com- 
plete sheet of cells was from 5 to 7 days, with lung about 8 days. 
The cells, detached from the glass surface by a brief exposure 
(5 to 10 minutes) to trypsin (0.25%), were thrice washed by 
centrifugation in the medium containing beef serum. The 
washed cells were suspended in the beef serum medium to yield 
the desired density and 2-ml aliquots of the cell suspensions were 
distributed to test tubes (16 x 125 mm, fitted with rubber-lined, 
plastic, screw tops) which had previously received various 
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amounts of the test solutions (up to 0.1 ml). The assay tubes 
were incubated at 37° in an almost horizontal position. 

To estimate growth, the medium was removed by aspiration, 
1 ml of a solution of crystal violet (1 mg per ml) and citric acid 
(0.1 m) (7) was added to each tube, and the tubes were rotated 
(4 r.p.m.) in a near horizontal position in a drum for 1 to 24 hours 
at room temperature. At the end of this time, with no further 
treatment, nuclear counts were made with a Levy counting 
chamber. 

Determinations—Radioactivity measurements were made with 
a gas flow counter after drying the samples in stainless steel 
dishes. Folic acid was estimated with Streptococcus lactis R with 
the use of culture media obtained from the Difco Laboratories. 


RESULTS 


Folic Acid and Growth of Liver Cells—The effect of different 
concentrations of folic acid on the growth of liver cells is shown 
in Fig. 1. As shown in the figure, the rate of growth, and to 
some degree, the extent as well, increased with increasing con- 
centrations of the vitamin. A maximum growth rate and yield 
were attained with between 1 and 2 X 10-* mm folic acid, varying 
slightly with different batches of cells. 

Tested in the same medium (1.4 X 10-5 mm folate), the rates 
and extents of growth of AMK cells and HeLa were not affected 
by the addition of folic acid. With the AMK cells, a vitamin 
requirement could be demonstrated only after 9 doublings in a 
medium with no added glycine or folate and supplemented with 
5% dialyzed rabbit serum. In an experiment initiated with 
20,000 deficient cells per culture, after 6 days the yields of cells 
(in thousands) with no additions and with 0.25, 0.75, 2.5, and 
7.5 X 10-* mm folic acid were 125, 285, 420, 465, and 460, re- 
spectively. The optimal concentration of folic acid for HeLa 
has been found to be about 1 * 10-5 mm (8). 

Effect of Folic Acid Derivatives and Other Compounds—The 
relatively high level of folic acid required by the liver cells for 
even a minimal response suggested that the growth-promoting 
activity of the vitamin preparations derived from a contaminant 
rather than from the vitamin itself. The similar effects of a 
chromatographically purified sample of folic acid and of the other 
unreduced derivatives tested (Fig. 2) are consistent, however, 
with the identity of the growth factor and the vitamin. As 
shown in the figure, preparations of 5-formyltetrahydrofolic acid 
are about 30 times® more active than folic acid. 

Inositol, choline, p-aminobenzoic acid (each 0.2 mM), and vita- 
min Bi: (3 * 10-? mm) could not replace folic acid and were not 
toxic. 

Growth Limit with Thymidine—For the growth of the liver 
cells in the beef serum medium, folic acid is completely replace- 
able by a mixture of thymidine and adenine but not by either 
alone (Fig. 3). In the presence of an excess of adenine, as shown 
in the figure, the yield of cells is determined by the availability 
of thymidine. Estimation of cell yield as a function of the de- 
oxyriboside (inset) suggests that 5.5 X 10-* umole of thymidine 
is required for the synthesis of one liver cell.® 


5 To arrive at this value, the activity of the leucovorin prepara- 
tion (see Fig. 2) has been doubled to correct for the inactive isomer 
present in the synthetic material (6, 9). 

6 This value is in good agreement with one calculated from an 
approximate weight of the DNA of a single cell. Assuming the 
DNA content of one cultured liver cell to be 9.4 X 10-® mg (10) 
and the thymine to represent 10% of the DNA, it can be calculated 
that a single liver cell contains 6 X 10-® umole of the pyrimidine. 
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Fig. 3. The control of growth of the liver cells with thymidine. 
The levels of thymidine indicated were added per culture (2 ml). 
The control cultures received either thymidine (5 myumoles) or 
adenine (100 mumoles) or neither. 


To provide further evidence that the extent of growth of the 
liver cells is controllable by thymidine, growth studies were made 
with the C-labeled compound. A reasonable correlation was 
found between the synthesis of new cells and the appearance of 
radioactivity in them (Table I). In addition, as shown in the 
table, the disappearance of thymidine from the growth medium 
was accompanied by the cessation of growth. 

Essentially all the radioactive thymidine incorporated by the 
cells can be recovered in their DNA. Thus, when cells con- 
taining 27,900 c.p.m. were subjected to the Schmidt-Thann- 
hauser-Schneider procedure (11), 24,000 c.p.m. were recovered 
in the final perchloric acid insoluble fraction. 
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Tested in the presence of adenine, the following compounds 
(0.002 to 0.02 umole per ml) were neither active nor inhibitory: 
thymine, uracil, uridine, cytosine, cytidine, deoxycytidine, and 
various purine bases, ribosides, and deoxyribosides. 

Growth Limit with Adenine—With thymidine in excess, as 
shown in Fig. 4, the yield of liver cells depends upon the avail- 
ability of adenine. The response to adenine in the absence of 
added thymidine, unlike the reverse situation, varied with dif- 
ferent batches of liver cells from no enhancement (see Fig. 3) to 
a slight one (Fig. 4). As shown in the inset, about 15 times 
more adenine (8 X 10-® umole) than thymidine is required for 
the synthesis of one cultured liver cell. This result is, of course, 
not unexpected since adenine is assumed to play a more versatile 
role than the deoxyriboside. 

The quantitative response of the liver cells to inosine, adeno- 
sine, AMP, and surprisingly, to deoxyadenosine as well, could 
not be distinguished from that with adenine. On the other hand, 
for the same response, about 3-fold higher concentrations of 
hypoxanthine and guanosine were required and guanine and 
pyrimidine bases and ribosides (up to 0.1 wmole per ml) were 
neither effective nor toxic. 

Effect of Glycine and Serine—To determine the effect of glycine 
and serine, the growth of the liver cells was studied with a basal 
medium lacking these amino acids and supplemented with 5% 
dialyzed rabbit serum (Table II). As shown in the table, in the 
presence of an excess of thymidine and adenine, no growth oc- 
curred in the absence of glycine whereas serine was without effect. 
The ability of glycine to satisfy their nutritional requirements 
suggests that the cells possess a pathway of serine synthesis in- 
dependent of a folate coenzyme, possibly one involving the ami- 
nation of hydroxypyruvate (12). 

It is of interest to note that requirements for thymidine, a 
purine, and glycine can be induced in “permanently” cultivatable 
mammalian cells by depriving them of their folic acid function 
with an analogue of the vitamin (13, 14). 

Effect of Folic Acid on Liver Cells in Primary Culture—It is of 
interest to know whether the precursors of the cultured liver 
cells require high concentrations of folates for growth in vivo. 
To obtain some insight into this question, the effect of folic acid 
was tested with cells cultured directly from the rabbit liver. 


TABLE I 
Incorporation of C'*-thymidine with growth 
A suspension of liver cells (about 20,000 cells per ml) was prepared in the beef serum medium as described for the standard assay- 
Following the addition of adenine (0.05 umole per ml) to the cell suspension, it was divided into two parts. One part received 0.015 
ml (I), the other, 0.025 ml (II) of 2-C'4-thymidine (0.03 mm, 3 X 10° c.p.m. per umole) per ml of suspension and aliquots (2 ml) were 
dispensed to culture tubes. After incubation (37°) for the times indicated, growth was estimated by counting nuclei and separate 


cultures were used to determine the distribution of radioactivity. 


To prepare them for counting, the attached cells were washed with 


3 ml of basal medium and were then detached by scraping into 1 ml of water. The radioactivity measurements were not corrected 


for self-absorption. 
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I Il 
Days of incubation 
0 1 2 3 | 4 5 0 | 1 2 3 4 5 

Cell numbers (thousands). . 40 38 81 194 234 231 40 38 85 203 307 331 
Supernatant medium, 

rie ars stepson ae eee 2350 2404 1608 382 39 65 3980 | 3900 3202 1712 267 128 
COM OMe as ss» sacs ain t5e 99 693 2083 2255 2325 | 104 725 2124 3641 3970 
Specific activity (¢.p.m. 

per 105 new cells)........ 1690 1353 1162 | 1217 | 1611 1303 1364 1364 
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Fie. 4. The control of growth of the liver cells with adenine. 
The levels of adenine indicated were added per culture (2 ml). 
The control cultures were prepared as described for Fig. 3. 


TaBLe II 
Effect of glycine and serine 

The cultures were prepared with liver cells as described for the 
standard assay procedure, except that the cells (50,000 per cul- 
ture) were washed and suspended in a medium from which glycine 
and serine had been omitted and the beef serum was replaced with 
5% dialyzed rabbit serum. The cell suspension was divided into 
two parts and thymidine (5 mymoles per ml) and adenine (50 
mymoles per ml) were added to one part. Aliquots of the suspen- 
sions (2 ml) were dispensed to tubes containing glycine (0.3 umole), 
serine (0.3 umole), and folic acid (4 mumoles) as indicated. 
Growth was estimated by counting nuclei after incubation at 
37° for 5 days. 





Additions* | 





Number of cells 
Thymidine + 


adenine Folic acid 


Glycine Serine 





51,000 
51,000 
49 ,000 
+ 165,000 
47 ,000 
336 ,000 
+ | 54,000 
~ 320,000 


| | + 161,000 


++ 


os 


| 
| 
| 
| 
| 
| 


++4+4++4+ 








* Almost identical results were obtained with smaller (0.1 
umole per culture) and larger (1 umole per culture) amounts of 
glycine and serine. 





When such cells (2 < 10® per dish) were grown in a medium 
containing 7.5% beef serum, 0.53 and 1.2 x 10° cells were found 
(6 days) with no addition and with 2 x 10-* mm folic acid, re- 
spectively. The ability of the primary cells to multiply without 
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Fie. 5. Comparison of the effect of folic acid on the growth of 
rabbit liver, kidney, and lung cells. The cultures were prepared 
and treated as described for the standard assay procedure. (+) 
indicates the addition of folic acid (2 mumoles per ml). 


supplementary folic acid may well result from the liberation of 
growth factors from the cell debris. 

Comparison of Rabbit Liver, Kidney, and Lung Cells—To de- 
termine whether a high folic acid requirement is unique to pri- 
mary cultures of liver cells, the growth responses of cells from 
cultures of rabbit kidney and lung were studied (Fig. 5). Al- 
though multiplication of the kidney cells occurred with the level 
of vitamin already present in the medium, their growth rate was 
markedly enhanced by additional folic acid. With regard to the 
lung cells, although they grew poorly in the beef serum medium, 
a response to supplementary folic acid could be noted. For a 
maximal growth rate in the beef serum medium, all three cells 
required a similar concentration of the vitamin (about 1 x 107% 
mM). 

Thymidine Utilization in Presence of Folate—With bacteria, 
repression of synthesis is commonly observed when the required 
compound is supplied to the culture (15). Externally supplied 
thymine (or thymidine or analogues), however, represents an 
interesting exception and is not normally incorporated into the 
bacterial DNA (16, 17). It was of interest, therefore, to de- 
termine whether exogenous thymidine is utilized by liver cells 
under conditions of gratuity. To this end, cultures (2 ml), pre- 
pared as for the standard assay (50,000 liver cells per tube) were 
supplied with 2-C'*-thymidine (4,390 ¢.p.m., 1.5 mymoles) plus 
adenine (100 mymoles) or 5-formyltetrahydrofolic acid (0.6 
myumole, leucovorin) or both. When growth was complete (5 
days), the specific activities of the washed cells (c.p.m. per 1 X 
105 cells) were found to be 1120 (adenine), 509 (leucovorin), and 
736 (both). Similar results were obtained when folic acid was 
used in place of the reduced derivative. Thus, although thy- 
midine synthesis continued, it was depressed, and the exogenous 
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compound was utilized by the liver cells even under gratuitous 
conditions. 


DISCUSSION 


The relatively high folic acid requirement (at least for a maxi- 
mal growth rate) common to all the cultures prepared from rab- 
bit organs (liver, kidney, and lung) and to one from monkey kid- 
ney,’ suggests that many mammalian cells share this property, a 
property which clearly distinguishes them from the cultured lines 
of mammalian cells studied. With regard to the establishment of 
“permanently” cultivatable cells, these observations indicate 
that one of the undesirable selection pressures commonly exerted 
is for the ability to rapidly synthesize thymidylate and purine 
ribonucleotides in a low folate medium. It remains to be seen 
whether the removal of this pressure will markedly aid in the 
preparation of cultures capable of continued multiplication in 
vitro. 

The reason for the large vitamin requirement is not known. 
A consideration of permeability is weakened by the observation 
that the minimal toxic levels of aminopterin are essentially the 
same for the liver cells as for two cell lines, HeLa and AMK 
(about 0.05 mymole per ml). With regard to the possibility of 
enzymatic degradation of folic acid, bacteriological estimations 
failed to reveal destruction of the vitamin during extensive 
growth of the liver cells. It would appear likely, therefore, that 
the huge vitamin requirement may result from a relative ina- 
bility to reduce folic acid to the dihydro- or tetrahydro- deriva- 
tive, or both. The increased activity of 5-formyltetrahydrofolic 
acid is consistent with this view. It should be noted that Eagle 
(18) has previously suggested such a defect in monkey kidney 
cells to explain the enhancement of growth of primary cultures 
by glycine (19, 20) and the elimination of the glycine requirement 
by folinic acid (18). 

The rate of growth of liver cells can be controlled with folic 
acid. When the folate requirement is satisfied with a mixture 
of thymidine and a purine, the yield of cells, and at low levels, 
the rate as well, are controlled by the availability of both com- 
pounds. It is clear, therefore, that growth control of a mam- 
malian cell can be exerted by the regulation of its nucleic acid 
synthesis. 

What is of great interest, of course, is to know whether folates 
or thymidine or purines play such a role in vivo. It is not pos- 
sible to decide from observations made with a model system. 
On the positive side, however, is the probability that the pre- 
cursors in vivo of the cultured cells also require relatively high 
folate levels (or thymine and purine derivatives) for rapid growth. 
On the negative side are the observations made with rabbit 
serum. Unlike beef serum, rabbit serum contains folates or 
other compounds which can satisfy the folic acid requirement 
of the liver cells. Thus, in an experiment initiated with 50,000 
cells, the yields of cells (4 days) with 15% beef serum, and with 

10 and 20% rabbit serum were 62,000, 182,000, and 315,000, 
respectively. With the further addition of folic acid (2 mumoles 
per ml), the yields rose to 498,000, 445,000, and 495,000, respec- 
tively. 

For consideration of the possible significance in vivo of the 
results obtained with primary cultures, it would be important 
to know whether the active factor(s) of rabbit serum is an arti- 


71. Lieberman, J. S. Youngner, and P. Ove, unpublished ob- 
servations. 
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fact of its preparation (21) and, if it is not, whether the factor(s) 
is present in the fluid, not blood, which bathes the precursors of 
the liver cells in the animal. 


SUMMARY 


Cells cultured directly from various rabbit organs (liver, kid- 
ney, lung), unlike the permanently cultivatable mammalian cells 
studied, require relatively large concentrations of folic acid for 
growth or to attain a maximal rate of growth. The defect in 
the primary cultures may be related to the reduction of folic 
acid. Consistent is the observation that 5-formyltetrahydrofolic 
acid is about 30 times more active than the unreduced vitamins 
tested. 

With the liver cells, the folic acid requirement is satisfied by a 
mixture of thymidine, adenine, and glycine. The rate of growth 
of the liver cells can be readily manipulated with the vitamin, 
whereas cell yields can be controlled by the availability of thy- 
midine and adenine. Contrary to the behavior of bacteria, liver 
cells incorporate thymidine even under conditions of gratuity. 

Thymidine cannot be replaced with thymine or with any of 
the other pyrimidines, purines, and derivatives examined. On 
the other hand, all the purines and derivatives tested, except 
guanine, appear to be capable of substituting for adenine. 
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In view of the indecisive nature of the information on the dy- 
namic aspects of the metabolism of deoxyribonucleic acids (1-3), 
we have re-examined the question by performing a long-term 
turnover experiment. A preliminary report of this study was 
presented in 1955 (4). The purpose of the present communi- 
cation is to document the details of that study and to develop a 
basis for the conclusion that the deoxyribonucleic acid of mam- 
malian cells is not in a dynamic state (see 5). 

We chose as the experimental system the liver of the rat. In 
the adult of this species the mitotic rate of the liver cells is very 
low (there being only minimal growth and cell death and replace- 
ment), so that it is relatively easy to distinguish between the 
physiological processes of growth on the one hand and turnover! 
on the other in a long term isotope retention experiment. 

The general plan was to incorporate isotopic label into the bases 
of DNA during a phase of rapid and extensive liver growth and 
then to follow over an extended period the changes in specific ac- 
tivity of the bases during a very slow growing phase of the liver. 
Thus, large quantities of highly labeled adenine-1 ,3-N" and gly- 
cine-2-C™ were simultaneously administered to partially hepatec- 
tomized rats during the postoperative period in which 60 to 70% 
of the total liver is regenerated. A period was allowed to elapse 
during which potential precursors of DNA (i.e. ribonucleic acid 
and acid-soluble nucleotides) lost their isotopic content; then, at 
intervals up to 3 months, groups of animals were killed and the 
purine and pyrimidine components of the liver DNA were ana- 
lyzed for their content of isotope derived from each precursor. 
The changes in liver and total body weight were also followed 
during the experimental period. With this information the ex- 
perimentally determined specific activities could be normalized 
for body weight differences and for dilution with nonradioactive 
DNA formed due to liver cell growth. The adjusted C“ and N15 
values for each base, presented in Table I, provide substantial 
evidence that DNA is not a metabolically dynamic constituent of 
the cell. Several workers have, by independent approaches, 
arrived at this conclusion (6-10). 


* This investigation was supported by funds from the National 
Cancer Institute, National Institutes of Health, United States 
Public Health Service (Grant Cy-3190) and from the Atomic 
Energy Commission (Contract AT (30-1)910). 

t Fellow of the National Cancer Institute of the United States 
Public Health Service 1952-1954. 

} Present address, Department of Chemistry, Harvard Univer- 
sity, Cambridge 38, Massachusetts. 

1 The term turnover is used to signify a continuous breakdown 
and resynthesis of molecules during the steady state (i.e. non- 
dividipg) phase of the cell. 


EXPERIMENTAL 


Isotopic Precursors—Glycine-2-C™ with a specific activity of 
1.45 me per mmole (1.405 X 10° c.p.m. per pmole) was obtained 
from the Isotopes Specialties Company. Adenine-HCl-1 ,3-N'* 
was synthesized as described previously (11). The adenine so 
obtained was purified by recrystallization as the picrate and the 
hydrochloride and by absorption on Dowex 1-OH with acid elu- 
tion. It had a specific activity of 4.83 atom % excess N'*. The 
labeled precursors were considered to be analytically pure by 
paper chromatographic and ultraviolet spectral analyses. 

Partial hepatectomies were performed on healthy Sherman 
strain albino male rats weighing 284 + 19g. With the use of 
the Higgins-Anderson technique (12), 65 to 75% (6.7 + 0.8 g) of 
the liver was removed. The animals were anesthetized with 
ether, weighed, and the operation performed in as uniform a man- 
ner as possible. The excised portions of liver were blotted to 
remove blood and weighed. Before and after surgery the rats 
fed ad libitum on a diet of Purina chow and water. With the 
exception of deaths caused by rats tampering with their abdom- 
inal wound clips, postoperative mortality was less than 10%, and 
nearly all other animals survived the full course of the experi- 
ment. 

At 5, 24, and 48 hours after operation 1 ml of a solution con- 
taining 2.45 umoles of glycine (3.44 K 10°c.p.m.) and 50.7 umoles 
of adenine-1,3-N!5 was administered intraperitoneally to each 
animal. At 28, 67, 98, and 121 days after the last injection, 
groups of 8 or 9 rats were anesthetized with ether, weighed, and 
killed by exsanguination through the abdominal aorta. The 
livers were carefully dissected out, washed with cold 0.87 % sodium 
chloride solution, blotted, weighed, and immediately frozen in a 
Dry-Ice-ethanol mixture. Each group of pooled organs was ho- 
mogenized in Dry-Ice-ethanol, then ethanol-ether mixtures as de- 
scribed previously (13) and the dry tissue powders obtained there- 
by were stored over P.O; in a vacuum. 

DNA was isolated from the liver tissue powders by a modifi- 
cation of the method described previously (13). The powders 
were weighed and extracted with 15 volumes of 10% NaCl at 
85° for 90 minutes. After removal of the extract by centrif- 
ugation, the residues were extracted twice more for 15 minutes 
with 5 volumes of 10% NaCl at 85°. This process was found to 
solubilize the DNA completely. The sodium nucleates were pre- 
cipitated from the extracts by addition of 3 volumes of ethanol 
and recovered by centrifugation. They were washed twice each 
with 70% ethanol, absolute ethanol, and ether, and dried over 
P.O; ina vacuum. (The sodium chloride-ethanol supernatants, 


1124 





XUM 


y of 
ned 
Nis 
2 $0 
the 
elu- 
The 

by 


nan 
2 of 
) of 
vith 
1an- 
1 to 
rats 

the 
om- 
and 
eri- 


oles 
ach 
ion, 
and 
The 
jum 
in a 
ho- 
de- 


ere- 


difi- 
lers 
| at 
trif- 
ites 
1 to 
pre- 
nol 
ach 
yver 
nts, 





April 1960 


freed of the nucleates, were saved for isolation of the acid-soluble 
nucleotides.) Resolution in a minimum volume of 5% NaCl at 
85°, followed by filtration and precipitation with 3 volumes of 
ethanol served to purify the sodium nucleates further. 

In an earlier study (13) it had been observed that nucleates 
isolated as described above from rat liver in the early period after 
regeneration, contain some DNA that is insoluble in cold 0.87 % 
NaCl. To avoid the complications of metabolic inhomogeneity 
that small but varying amounts of this “DNA,” (13) might intro- 
duce, the nucleates were fractionated to effect its removal. The 
reprecipitated nucleates were finely powdered in a hand mortar, 
suspended in 0.87% NaCl (10 ml per 100 mg), and stirred me- 
chanically at 0 to 4° for 18 hours. The suspensions were centri- 
fuged at 20,000 x g for 60 minutes in an Aminco angle centrifuge 
to separate the sediments from the supernatants. The sediments 
were washed three times with small volumes of 0.87% NaCl, and 
the wash fluids obtained by centrifugation were added to the 
original supernatants. (It should be noted that the DNA, sed- 
iments were very small in amount, indeed progressively smaller 
the longer the time after hepatectomy; by 67 days only traces 
were present.) To the supernatants were added 3 volumes of 
ethanol, and the nucleates precipitated thereby were recovered 
by centrifugation. These were washed with ethanol, ether, and 
dried over P.O; in a vacuum. 

The procedures employed for isolating DNA from the mixed 
DNA + RNA sediments and for the isolation of purified bases 
from the DNA samples have been described previously (14). 
Our only modification was to standardize the alkaline hydrolysis 
for separation of RNA and DNA by incubating the hydrolysate 
for 15 to 16 hours at 30°. It should be noted that the DNA 
samples so isolated did not contain amounts of uracil detectable 
in the ion exchange chromatograms. 

The fractions containing the acid-soluble nucleotides were con- 
centrated to a small volume by distilling off the ethanol and most 
of the water. Insoluble lipids and sodium chloride were re- 
moved by filtration and H2SO, and trichloroacetic acid were 
added to final concentrations of 0.5 N and 2%, respectively. 
After filtering off the precipitates formed on acidification, the 
filtrates were heated on a steam bath for 2 hours to liberate the 
purines. Sufficient AgNO; was added to precipitate the chloride 
ions and then an additional quantity was added to insure pre- 
cipitation of the purines. By keeping the pH low, precipitation 
of any silver pyrimidines present was avoided. The mixed sil- 
ver salt precipitates were recovered by centrifugation and washed 
twice with water. The purines were solubilized by extracting 
the silver salts three times with n HCl and once with water, each 
for 5 minutes on a steam bath. The extracts were pooled and 
diluted with water to a final acid concentration of 0.2 N and ab- 
sorbed on Dowex 50-H* columns (15), 10 cm long by 1 cm diam- 
eter. Elution with 0.5 n HCl removed first a mixture of xan- 
thine and hypoxanthine and then guanine; adenine was eluted 
with 2 n HCl (15). 

All the purified base fractions were finally obtained as crystal- 
line free bases or hydrochloride salts by repeated concentration 
under reduced pressure below 50°. These residues were dissolved 
in water to a final concentration of 0.5 to 1.5mm. Aliquots were 
taken for determination of the purity of the bases and their con- 
centration by spectral analysis (13). 

For C* determination, generally, three 1.00 ml aliquots of the 
base solutions, containing amounts consistent with the require- 
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ments of “infinitely thin’ samples (16), were deposited and dried 
on aluminum planchets 2 cm in diameter. Planchets were stored 
in desiccators until they were analyzed in a windowless gas flow 
Geiger counter. The average deviations among the triplicate 
samples were never greater than 3%. The probable error (P.E.) 
of counting varied with the specific activity (S.A.) of the sample; 
for S.A. 50 c.p.m. per umole, P.E. <2%; for S.A. 10 to 50 c.p.m. 
per umole, P.E. = 2 to 5%; forS.A <10 c¢.p.m. per umole, P.E. = 
5 to 20%. 

For the determination of N15, aliquots of the base solutions 
containing about 10 umoles were made alkaline and heated to 
drive off traces of contaminating ammonia and other volatile 
amines. The samples were then digested by the Kjeldahl method, 
and the (NH,).S0, formed thereby was converted to N: (17). 
The atom % excess N!* of the Ne was determined with a Con- 
solidated-Nier Isotope Ratio Mass Spectrometer. Tank nitro- 
gen was used as the standard. Probable errors were less than 
+0.003 in nearly all cases. 


RESULTS AND DISCUSSION 


We consider first the “observed” specific activity data pre- 
sented in Table I. As expected, adenine N!® served as an ef- 
fective precursor of DNA purines, and its label was not at all 
incorporated into the pyrimidines. Its preferential labeling of 
DNA adenine also follows previous findings (18). 

In contrast with purine ring N*, the carbon 2 of glycine ap- 
pears to be a precursor of all the DNA bases. Although the 
values for cytosine are low and therefore subject to large error, 
they are significantly above background. The incorporation into 
this base probably occurs through two pathways: by way of incor- 
poration of the label into aspartate, and by oxidation of the la- 
beled carbon to carbon dioxide, which is subsequently fixed into 
the carbamy] donor involved in pyrimidine synthesis (19). Since 
it is likely that thymine and cytosine have a common biosynthetic 
pathway (19, 20), the additional isotope in thymine may be ac- 
counted for by condensation of a labeled 1-carbon fragment at 
position 5 in the heterocyclic ring of the common pyrimidine nu- 
cleotide precursor. It may be seen from the data (also see below) 
that the depletion of C“ in thymine approximately parallels that 
in cytosine. This observation provides evidence that the methyl 
group of DNA-thymine does not undergo independent turnover. 
This is a point which, to our knowledge, has not been previously 
made evident. It is consistent with nutritional and other studies 
since these have not provided evidence that thymine has a “la- 
bile” methyl group. The finding that the carbon 2 of glycine is 
incorporated into the pyrimidine ring is in contradiction with an 
earlier report (21). 

The relative specific activities of the N15 and Cin the DNA 
purines deserve mention. It is apparent that the N** precursor 
was diluted considerably less (approximately 1000) than the 
C™ one. Several factors contribute to this: the dose of adenine 
was 20 times that of glycine; the pathways of adenine metabolism 
are very limited, whereas those of glycine are numerous; the ade- 
nine pool is negligible (22) whereas that of glycine is probably 
large; in the presence of preformed purines, their synthesis de 
novo is depressed, so that adenine is preferentially utilized over 
glycine for nucleotide and polynucleotide synthesis (23). 

The label in the acid-soluble nucleotides was already very low 
at the first interval and had disappeared by the second. The 
RNA bases were not analyzed but the data from earlier studies 
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TABLE [ 
Specific activities of bases of DNA and acid-soluble nucleotides of adult regenerated rat liver after simultaneous injection 


of adenine-1,3-N** and glycine-2-C™ 



















































































Days after last injection—Specific activity | Average Rate data 
$$$ $$ specific 
Samples analyzed 28 67 98 121 aati From C# From N's 
Cua} Nib C4/N15 | Cu | Nis C4/Ni5 | Cu N15 | cus | % cu 7 C4/N15|  CM/N15 Re “7 k ty 
- alee? ales Nae SEES abet: a eines Sire 
| | | (X104) (X104) 
DNA | | | | 
| | 
Adenine | | 
observed 79.0) 0.269) 294 (72.3) 0.233} 310 |56.4 | 0.200 | 282 59.5 | 0.211 | 283 |292 + 10 
normalized {79.0} 0.269 81.0 | 0.261 68.5 | 0.243 (76.3 | 0.270 | | —4.06/1707| — 1.325250 
Guanine | | | | | 
observed 97.1} 0.073) 133 |89.2 | 0.057) 156 |75.2| 0.0505) 149 75.4 | 0.0495) 152 (148 + 7 
normalized |97.1| 0.073 99.8 | 0.064 91.4 | 0.0613 [eS-7 | 0.0635) | —1.49}4651|—6.97| 998 
Cytosine | | 
observed 4.9) 0.004 3.7 | 0.004 3.0 | 0.003 | | 2.9! 0.002 | 
normalized | 4.9 4.15 3.52 | | 3.72 | | —14.5| 478 
| } | _ 
Thymine | 
observed 21.0)<0.002 18.0 |}<0.005 15.5 |<0.005 13.0 |<0.002 
normalized {21.0 20.2 18.8 he.7 | —10.2| 679 
Acid-soluble | | 
| 
| 
Adenine | | 
observed 13.0} 0.018 1 <0.002 0 |<0.002 | 0 |<0.001 | | 
| 
Guanine 20.5} 0.020) + <0.001 0.7 | 0.00 11.2 | 0.002 | 
observed | | 


@ Counts per minute per micromole. 

>’ Atom % excess. 

¢ Rate constant for apparent turnover. 

4 Half-time for apparent turnover, in days. 


(13,18) indicate that the label in RNA purines would have been 
similarly negligible by the first interval. Hence, it is very un- 
likely that either the acid-soluble or RNA bases contributed sig- 
nificantly to the label in DNA from the 28th day onward. 

Since the DNA purines had a high isotope concentration, it was 
possible to determine the ratios of their C'4 content to N’ con- 
tent with great accuracy. The ratios are remarkably constant, 
with average deviations of 3.3% for adenine and 4.7% for gua- 
nine. The implications of this constancy are manifold. A 
marked variation in the ratio, were it random, would indicate a 
lack of uniform uptake of each precursor by individual animals. 
Hence, there is evidence that biological variations in the several 
groups of animals were minimal, that the surgical trauma was 
nonvariant, and that any unforeseen physiological variables did 
not play a significant role in the biochemical processes with which 
we are concerned. A progressive decrease or increase in the ratio 
would reflect a metabolic distinction between nucleic acid syn- 
thesized from each type of precursor. The important conclusion 
can be drawn that the bases synthesized from the two precursors 
are metabolically indistinguishable and that they are incorporated 
into DNA molecules of like metabolic activity. 

The “observed” values in Table I cannot be used to evaluate 
directly the extent of turnover of liver DNA, for these values re- 
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flect: distorting influences in the experiment unrelated to the var- 
iable of interest. One such variable was introduced when the 
same isotopic dose was administered to each animal, regardless 
of its body weight. The variation in body weight at the start 
of the experiment was + 6.7%. In compensating for this, it was 
assumed that the dilution of the labeled precursors was directly 
proportional to the body weight, so that the specific activities of 
the second, third and fourth groups were each multiplied by a 
factor which brought their dose-body weight ratios to that of the 
first group to be killed. These factors were 0.96, 1.02, 0.95 for 
the second, third, and fourth groups, respectively. 

The second variable was due to the increases in growth for each 
animal group during its respective experimental period. It was 
found in control experiments and also by Takagi et al. (24) that 
the ratio of liver weight to body weight is maintained during 
growth of the rat. The data of the second, third, and fourth 
groups were therefore normalized for dilution with unlabeled 
DNA formed as a result of liver cell growth from the 28th day 
onward. This was done by multiplying the specific activities 
(corrected for the first variable) by the ratio of the average body 
weight of the particular animal group to that of the first period 
studied. The ratios were 1.18, 1.19, and 1.35. 

The normalized specific activities would appear to provide a 
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legitimate basis for evaluating the extent of turnover of the DNA. 
Implicit in the concept of turnover is its occurrence as a first- 
order decay. Indeed, its mathematical formulation in such 
terms has been amply justified by experiment (25). { In view of 
this, a quantitative evaluation was made in the present case with 
the use of the method of least squares to determine the line which 
best fits the log specific activity-time data for each of the DNA 
bases. Each line was characterized by two parameters: the slope 
or reaction constant, k, and the half-time, ¢, (see Table I, last 
four columns). The slopes are obviously negative, but exceed- 
ingly small, approaching that of a horizontal line. The signifi- 
cance to be attributed to these low values and their spread over 
nearly a 10-fold range is best realized when they are compared 
against the background of Fig. 1. This figure describes the courses 
of four theoretical first-order decay processes, each differing 
in rate from the next slowest one by a factor of 10. It can be 
readily shown that a small error in specific activity, let us say 
5%,? at any point in the 3-month span over which the present 
experiment extended, would cause a large change in slope within 
the region of very slow decay (t; = 4500 - t, = 450). However, 
the same error would have an ever decreasing effect on the 
slope as the rate of the process increases. Nearly all the exper- 
imental data obviously lie between the lines for the two slowest 
processes described. Since the total changes in specific activity 
during the experimental period were so small, it should be ap- 
parent that the errors intrinsic in the experimental design do not 
permit sensitive distinctions to be made. On the other hand, a 
further 10-fold increase in the rate, which would give the process 
biological significance, would have caused a large and readily as- 
sessable change in specific activity. 

There is another good reason to consider that the variations in 
the rate constants observed for the four bases of DNA are not 
significant. In the case of the purines, the rates were evaluated 
from the change in specific activity of each of two isotopes. It 
should be noted that the spread between the two rate constants 
for each purine is almost as large as the entire spread between 
allthe values. Furthermore, it would seem that these differences 
are truly random, since the rate determined from the C label is 
about 3 times higher in the case of adenine, but nearly 5 times 
lower for guanine than the rates determined from the N?® label. 
And this is so despite the fact that, as was shown above, the 
C:N® ratios are essentially constant. 

In view of these considerations, it is concluded that all four 
bases behave as a unit with respect to the biological process which 
the experiment has detected. Consequently, any quantitative 
estimate of the process should come from some type of average 
of the rate data. Averaging of the six rate constants determined 
experimentally leads to a k value of —6.5 + 4.2 X 10-4 from 
which is calculated a t, of 1070 days, with a maximum uncer- 
tainty of about 650 days. If instead, we take the mean of the 
six calculated t, values, each obtained from an individual k 
value, we arrive at an average ¢, of 2300 days. The discrep- 
ancy between the two averages is due to the inverse relation 
between k& and ¢,, which results in a difference in the weighting 
of the higher values in the two methods of calculation. The 
only reason for favoring the higher average ¢, is that the lower 
values, those derived from the specific activities of the pyrimi- 


* This is a realistic estimate of the error in the specific activity 
values for the purines. In the case of the pyrimidines, where the 
counts were only slightly above background the errors were prob- 
ably considerably larger. 


J.R. Fresco and A. Bendich 
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Fic. 1. The courses of four theoretical first-order decay proc- 
esses, each differing in rate from the next slowest one by a factor 
of 10. 


dines, are subject to much greater error. Nevertheless, even 
with these large uncertainties, we are left with a lower limit 
value which is nearly as large as the life span of the experimental 
animal. Such a long half-time would seem to rule out metabolic 
turnover of DNA in the classical sense as the explanation of the 
process which has been observed. The process must certainly 
be that of cell death and replacement. 

In this investigation of DNA turnover, a very high proportion 
of the DNA was labeled by administering the precursors during a 
period of liver regeneration. Therefore, the observations made 
refer to the DNA of at least a major fraction of the liver cells. 
It is important to note that similar experimental conditions did 
not prevail in the early short-time kinetic experiments (3, 13, 21, 
26, 27) in which the disappearance of isotope from mammalian 
liver nucleic acids was followed. In those studies, very short 
t, values (8 to 12 days in the rat) were extrapolated from the 
log specific activity against time data. However, a fundamental 
discrepancy has been overlooked in evaluating these kinetic 
studies, 7.e. that if all the DNA were to have such a fast turnover 
rate, its maximum specific activity (obtained by extrapolating 
the log specific activity against time plot to zero time) would have 
to be many times greater than that indicated by the data. We 
have re-examined these earlier experiments and calculated that 
the proportion of the DNA labeled by the isotopic precursor was 
often much less than 2% of the total in the liver. Indeed, there 
is no evidence for extensive incorporation of any isotopic pre- 
cursor into the DNA of nongrowing cells studied undér normal 
physiological conditions. Consequently, it is our view that the 
data purported to indicate rapid intracellular turnover of DNA 
actually reflect an extracellular process of cell population turn- 
over that involves only a very small fraction of the cells in the 
liver. It seems likely that the migration of cells of the reticulo- 
endothelial system or other lymph cells in and out of the liver, 
which has a ¢; similar to that observed in these early experi- 
ments (28), can account for such results. Such cell population 
factors would play no significant part in the present experiment 
because of the large extent of labeling achieved and the long term 
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over which specific activity was followed. The overriding factor 
accounting for the small reduction in specific activity during the 
3 months followed is therefore ascribed to cell death and replace- 
ment. The rate observed for this process is in agreement with 
other estimates previously reported (6, 29, 30). 

Having reached the conclusion that DNA does not turn over, 
we are nevertheless not unmindful that the various experiments 
devised to test this question are not able to detect any metabolic 
activity of DNA that is completely intracellular. If, for exam- 
ple, DNA were cleaved into oligonucleotides that cannot perme- 
ate the cell membrane and are efficiently reincorporated, turnover 
would go unobserved. But this is an unattractive hypoth- 
esis. It seems much more reasonable to expect that the physical 
counterpart of the genetic material is minimally exposed to the 
dangers of copy errors. Recent findings that most enzymes con- 
cerned with DNA synthesis make their appearance in bacterial 
and animal cells only during periods characterized by cell divi- 
sion or virus duplication (31-34) and that DNA is conserved 
during the course of its duplication (35, 36) would seem to support 
this view. 


SUMMARY 


The rate of turnover of deoxyribonucleic acid in the livers of 
nongrowing rats has been studied. The deoxyribonucleic acid 
was first labeled by administering large quantities of isotopic pre- 
cursors during a period of liver regeneration; the decrease in spe- 
cific activity was then followed to determine the extent of dilution 
of the label with newly formed deoxyribonucleic acid made from 
unlabeled precursors. Over a 3-month period the decrease in 
specific activity was very small and could be accounted for by 
cell death and replacement. It is concluded that there is no 
intracellular turnover of deoxyribonucleic acid. An argument is 
developed that certain earlier data suggesting rapid turnover of 
deoxyribonucleic acid actually reflect turnover of certain cell 
types. 


Acknowledgments—We wish to thank Dr. George B. Brown for 
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The thymine analogue, 5-bromouracil, is known to inhibit the 
growth of various bacteria, to be incorporated in place of thymine 
into the deoxyribonucleic acid of several of these, and to produce 
mutations in Escherichia coli and its bacteriophages (1-7). A 
more active growth inhibitor of bacteria is the thymidine ana- 
logue, 5-bromodeoxyuridine (4, 8, 9), which recently has received 
attention because of its effect upon mammalian cells. With the 
use of suspensions of normal or malignant lymphoid cells, Kit 
has shown that during a 3-hour period, concentrations of 5-bro- 
modeoxyuridine as high as 250 or 500 ug per ml inhibit specifically 
the incorporation of formaldehyde-C* into deoxyribonucleic acid 
thymine, without affecting the labeling of deoxyribonucleic acid 
adenine or guanine, serine or protein, nor depressing cell gly- 
colysis or respiration (10). Hakala noted that 5-bromodeoxy- 
uridine allowed the growth of HeLa cells which had been inhibited 
by aminopterin, although the cells became morphologically ab- 
normal (11). Finally, Eidinoff has reported that when a strain 
of human cervical carcinoma cells (H. Ep. 1) was incubated for 
3 days with 50 wg of 5-bromodeoxyuridine per ml, plus amino- 
pterin and hypoxanthine, 46% of the deoxyribonucleic acid thy- 
mine was replaced by 5-bromouracil. He also confirmed the 
intranuclear location of the analogue by radioautographic studies 
using 5-bromodeoxyuridine labeled with tritium (12). 

The present work was undertaken to characterize further the 
relation between the toxic effect of 5-bromodeoxyuridine on mam- 
malian cells in culture and the amount of this analogue incor- 
porated into deoxyribonucleic acid, preparatory to an investiga- 
tion of its possible mutagenic effect on such cells. 


EXPERIMENTAL 


Materials—BUDR,;; obtained from the California Corporation 
for Biochemical Research, was homogeneous upon electrophore- 
sis in 0.1 m borate buffer at pH 9.1 (13) and chromatography in 
n-butanol-H,O (86:14) with NH; in the vapor phase (14). A 
0.01 m solution of this analogue (3071 ug per ml) in phosphate- 
buffered sodium chloride solution (15) was sterilized by filtration 
and stored at 4°. BU was obtained from the California Cor- 
poration for Biochemical Research, and 5-fluorouracil from Hoff- 


* This is publication No. 989 of the Cancer Commission of Har- 
vard University. This work was supported by United States 
Public Health Service Grant No. C-2146, an American Cancer 
Society grant to the Massachusetts General Hospital, and Scholar- 
ship Grant No. SG-34 from the American Cancer Society to Dr. 
John W. Littlefield. 

' The abbreviations used are: BUDR, 5-bromodeoxyuridine, and 
BU, 5-bromouracil. 


mann-LaRoche, Inc.; 6-methylaminopurine was kindly supplied 
by Dr. Leon Goldman of American Cyanamid Company. Calf 
serum-adapted HeLa cells were obtained initially from Dr. 
Lawrence J. Kunz and KD cells, an established strain of rabbit 
kidney cells (16), from Dr. Thomas C. Peebles. 

Culture Methods—Cells were grown at 36° attached to the wall 
of stationary test tubes or 8-ounce square bottles. Eagle’s basal 
medium (17) supplemented with 20% calf serum was used; it 
was not replenished during the experiments, except in the one 
instance noted. Standard methods for trypsinization of cell 
sheets and for cell counting were employed (18). For the experi- 
ments on single cell plating efficiency (19) 100 or 200 cells in 5 
ml of medium containing 20% calf serum, 80% NCTC 109 (20) 
(Microbiological Associates, Inc.), and penicillin (50 units per 
ml), streptomycin (50 units per ml) and mycostatin (100 units 
per ml), were incubated in Petri dishes inside a desiccator sealed 
after flushing with 5% CO: in air. After 2 weeks the colonies 
were rinsed, fixed, stained, and enumerated (19). Colonies con- 
taining less than about 5 cells were not counted. 

Assay Methods—Protein was estimated by the phenol reaction 
(21, 22) with crystalline bovine albumin as standard, DNA was 
assayed fluorometrically (23) with salmon sperm DNA of known 
phosphorus content (California Corporation for Biochemical Re- 
search) as standard, and phosphorus was analyzed by the method 
of Lowry et al. (24). 

For the purification of DNA, combined cellular nucleic acids 
were first extracted either with hot neutral 10% NaCl (25), or 
preferably, with Duponol (26). The latter method, which ex- 
tracted about 80% of the cellular DNA, was performed as fol- 
lows: approximately 4 X 10’ cells attached to the walls of 10 to 
20 bottles were rinsed three times with phosphate-buffered so- 
dium chloride solution, and lysed at room temperature by stand- 
ing for 1 hour with occasional agitation in the presence of 1 or 2 
ml of 1% Duponol C (sodium lauryl sulfate) in phosphate-buf- 
fered sodium chloride solution in each bottle. One-fourth vol- 
ume of 5 m NaCl was added to the pooled Duponol solution. 
After 16 hours at 4° the abundant precipitate of protein and 
Duponol was removed by centrifugation for 30 minutes at 
15,000 X g, and 2 volumes of cold alcohol were added to the su- 
pernatant fluid. After standing 16 hours at 4°, the precipitate 
was separated by centrifugation for 20 minutes at 800 x g and 
washed at room temperature successively with 70%, 95%, and 
100% alcohol. The precipitate was warmed briefly to remove 
the alcohol, dissolved in 1.0 ml of 0.1 n NaOH, and incubated 16 
hours at 37° to hydrolyze the RNA. The solution was then 
cooled and 0.2 ml of 0.6 n HCl added. The precipitated DNA, 
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collected by centrifugation, was washed successively with cold 
5% trichloracetic acid, 0.1 m alcoholic potassium acetate and 
twice with 100% alcohol, and then dried for several hours at 70°. 
The DNA was hydrolyzed (27) at 100° with 72% (weight per 
volume) perchloric acid, and the bases were separated by two 
dimensional chromatography with isopropanol (99%) : HO: con- 
centrated HCl (specific gravity 1.18) (657:176:167) (28) fol- 
lowed by the n-butanol-H,O-NH; solvent, eluted overnight in 
0.1 N HCl, and estimated spectrophotometrically. The molar 
extinction coefficients used were those of Beaven et al. (29), and 
7.01 X 10° at 276 my for BU (13). 

In four preliminary experiments with salmon sperm DNA an 
average of 88% of the phosphorus present was accounted for by 
the bases recovered; a variable loss of thymine (28) was respon- 
sible for much of this discrepancy. Such variation in the re- 
covery of thymine was usually not encountered with cellular 
DNA prepared as above; the presumed small amount of con- 
taminating protein in the final DNA product may have exerted 
a protective effect. The final DNA products contained no uracil. 


RESULTS 


Increasing concentrations of BUDR inhibited progressively 
the total cell growth (cell number and total cell protein) and 
single cell plating efficiency (capacity to form a colony when 
transferred to fortified medium lacking the analogue) of KD cells. 
In one of two similar experiments, sets of five replicate test tube 
cultures, each containing 4 xX 10‘ KD cells, were incubated for 5 
days in the presence of 0.16 to 500 wg of BUDR per ml. Identi- 
cal cultures without the analogue were assayed on the morning 
after beginning the experiment (following attachment to the glass 
wall of those cells capable of such attachment) and at the end of 
the experiment. The average of the protein analyses of 4 tubes 
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Fic. 1. The inhibition of growth of KD cells by BUDR. Rep- 
licate cultures were incubated for 5 days with various concentra- 
tions of the analogue, and then analyzed as described in the text. 
O represents total cell protein, @ single cell plating efficiency, and 
Acell number. The results are expressed as the percentage of the 
values obtained from control cultures incubated similarly but 
without the analogue. On the morning after beginning the experi- 
ment the control cultures contained per tube 20 ug of protein and 
57,000 cells; after 5 days, they contained per tube 116 yg of protein 
and 320,000 cells, one-third of which were able to form colonies. 
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of each set, the total cell count for the fifth tube, and the number 
of single cells from this latter tube able to form colonies, are given 
in Fig. 1. Above a concentration of 1 wg of BUDR per ml there 
was increasing inhibition of all 3 parameters of growth, most 
marked on plating efficiency and least on total protein; so that at 
times there was an increase of protein per cell to 3 times the nor- 
mal value. By 100 ug per ml the total cell number was less than 
that at the beginning of the experiment, indicating cell lysis, 
whereas the untreated cells had increased to 5.6 times the num- 
ber originally present. At this level of inhibition no cells were 
capable of colony formation after transfer to complete medium, 
while one-third of the cells from the control tube carried through 
the incubation still formed colonies. 

Although a concentration of 20 ug of BUDR per ml did not 
inhibit protein synthesis of HeLa cells as markedly as it did that 
of KD cells, at 100 ug per ml the inhibition was again complete. 
The yield of colonies when single HeLa cells were plated after 
incubation for a week was much lower than the yield from KD 
cells. We obtained only 55 colonies from a total of 1200 un- 
treated HeLa cells divided into 6 Petri dishes. However, in this 
experiment no colonies occurred in 8 Petri dishes inoculated with 
a total of 1600 HeLa cells which had been incubated with 100 yg 
of BUDR per ml. This suggests that HeLa cells, like KD cells, 
are unable to reproduce following such treatment. 

BU itself was found to be about 100 times less toxic than 
BUDR, as judged by its effect on protein synthesis by KD cells? 

Cells treated with 100 ug of BUDR per ml contained the same 
amount of DNA as cells incubated without the analogue. Thus 
the average of 4 treated KD cell cultures was 8.9 uug per cell, 
and the average of 4 untreated cultures 8.7 uug per cell; similarly 
for HeLa cells 16.4 and 15.8 wug per cell. The latter values are 
close to those reported by Salzman for HeLa cells in the sta- 
tionary phase of growth (30). 

Photomicrographs of KD cells incubated 6 days in normal me- 
dium or in that containing 100 ug of BUDR per ml are shown in 
Fig. 2. The treated cells, variable and degenerate in appearance, 
are fewer but larger than the untreated cells, in agreement with 
the analyses described above. Examination of stained prepara- 
tions of treated and untreated KD and HeLa cells by Dr. Mary 
D. Albert has indicated that very few mitotic figures are present 
in the normal cultures and none in the treated cultures, and that 
multinucleated or giant cells are no more prevalent in the treated 
than in the untreated preparations. It can be inferred that 
BUDR does not cause arrest during mitosis nor provoke the for- 
mation of such abnormal cells. 

We wished to correlate these results with the amount of BUDR 
incorporated into the DNA of KD and HeLa cells. For this 
purpose 2 to 6 x 10’ cells were incubated with various concen- 
trations of BUDR, and the DNA was extracted and its base com- 
position determined. The average composition of 3 DNA prep- 
arations from untreated KD cells was the following, corrected to 
1.00 for adenine: adenine 1.00, thymine 0.97, guanine 0.70, and 
cytosine 0.75. Three untreated HeLa cell preparations gave 
values of adenine 1.00, thymine 0.98, guanine 0.72, and cytosine 
0.77. In addition in each of the 4 largest DNA preparations ex- 
amined (2 from untreated KD cells, 1 from untreated HeLa cells, 
and 1 from HeLa cells treated with 1 wg of BUDR per ml) a 
small amount of material was detected on the two-dimensional 
chromatogram in the expected position of 5-methylcytosine. 


2 J. W. Littlefield and E. A. Gould, unpublished. 
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Fic. 2. Photomicrographs of (A) normal KD cells and (B) KD cells treated with 100 ug of BUDR per ml. Both cultures were 
incubated for 5 days, and photographed at the same magnification. 
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The ultraviolet absorption maxima in 0.1 N HCl and in n NaOH 
of each of these 4 spots did not differ significantly from the known 
absorption maxima of this base (29), save that in one case an 
adequate alkaline spectrum could not be obtained. Wyatt has 
described the occurrence of similar amounts of 5-methyleyto- 
sine in DNA from several mammalian tissues (28); and our data 
suggests its occurrence in the two mammalian epithelial cell lines 
examined. This base amounts to roughly 0.5% of the total 
bases; it has not been included in the base composition values 
given above. 

Hydrolyzed DNA from cells incubated with BUDR for 1 week 
in all cases contained material with the mobilities of BU in the 
two solvents used. In three instances the ultraviolet absorption 
spectra in 0.1 N HCl and 0.1 N NaOH were obtained on such ma- 
terial; these spectra corresponded closely to the known spectra 
of BU (4, 13). In all cases the amount of thymine present was 
reduced by an amount approximately equal to the amount of BU 
present, so that the sum of the amounts of thymine and BU 
equalled the amount of adenine. The ratio of (adenine plus thy- 
mine plus BU to guanine plus cytosine) was the same in DNA 
from treated and untreated cells. The reciprocal relation be- 
tween thymine and BU provided strong evidence that the BU 
was indeed in the DNA molecule. More rigorous proof of this 
point seems unnecessary, especially since the incorporation of 
BU into the DNA of bacteria is well established (3, 4). 

The percentages of thymine replaced by BU when cells are 
incubated for a week in the presence of various concentrations 
of BUDR (Fig. 3) indicated a maximum replacement for KD 
cells of 62% and for HeLa cells of 49%. Approximately these 
values were obtained with any concentration of BUDR between 
20 wg per ml and 250 wg per ml. The toxic effects shown in Fig. 
1 have their maxima in the same concentration range, and the 
curves in Figs. 1 and 3 are generally similar. 

The replacement of thymine by BU was not increased by more 
prolonged exposure of cells to BUDR. Thus 45% replacement 
occurred when KD cells were incubated with 80 ug of BUDR per 
ml for 12 days. During this time they were refed twice with 
medium containing the analogue. 

It has been reported that 100% of the thymine in the DNA of 
a certain bacteriophage can be replaced with BU, and that fol- 
lowing such replacement 9% of the phage are still infectious (6). 
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Fic. 3. Percentage replacement of DNA-thymine by BU when 
HeLa (O) or KD (@) cells were incubated for one week with vari- 
ous concentrations of BUDR. The DNA was extracted and ana- 
lyzed as described in the text. 
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The highest reported replacement of thymine by BU in bacterial 
DNA is 48% (31), although higher values have been obtained 
with 5-chlorouracil (13). Eidinoff has reported 46% replace- 
ment in H. Ep. 1 cells grown for 3 days with BUDR (50 ug per 
ml), aminopterin, and hypoxanthine (12). In this regard we 
were unable to increase the replacement above 49% by incubat- 
ing HeLa cells for 6 days with both 70 ug of BUDR per ml and 
1.3 wg of 5-fluorouracil per ml, a concentration of the latter 
analogue which slightly inhibits protein synthesis in such cells.? 
5-Fluorouracil, itself not incorporated into DNA, blocks the 
normal conversion of deoxyuridylic acid to thymidylic acid (32, 
33). It would have been expected to increase the amount of 
BUDR incorporated into DNA if a significant utilization of 
endogenous thymidylic acid were still occurring in the presence 
of the BUDR. That it did not confirms the previous conclusion 
that about 50% replacement is the maximum value obtainable 
with HeLa cells under our conditions. 

On two occasions we examined also the cell ribonucleic acid 
for BU. None was found. Studies with bacteria have shown 
that BU is not incorporated into RNA (3), and incorporation of 
BUDR would be even less likely. 

6-Methylaminopurine is known to occur in small amounts 
(0.4% of the total bases) in DNA of various bacteria, and for 
unknown reasons to be present in somewhat increased amounts 
when such bacteria are treated with BU (13). However, we have 
been unable to demonstrate this base in DNA from either un- 
treated or BUDR treated KD or HeLa cells. In several] such 
attempts we could have detected 6-methylaminopurine present 
as 0.5% of the total bases. Also no incorporation into DNA of 
6-methylaminopurine occurred (1.0% would have been recog- 
nized) when KD cells were incubated for 8 days with 20 ug of 
this base per ml, a concentration moderately inhibitory to protein 
synthesis in such cells.? 


DISCUSSION 


That the toxic effect of BUDR, like the mutagenic effect of 
BU, relates to the presence of the analogue in DNA is suggested 
by the general correlation in bacteria (13, 31) and mammalian 
cells between the amount of growth inhibition and the amount of 
the analogue incorporated, albeit this relationship breaks down 
when some bacteria are grown under different conditions or when 
massive doses of BU are employed (31). The lack of a known 
coenzyme function for any thymidine derivative with which 
BUDR might interfere, and the failure of high concentrations of 
BUDR to affect cell functions other than DNA-thymine forma- 
tion (10) support this view. The available evidence indicates 
that BUDR does not interfere with the first replication of DNA 
(31, 10). Indeed, as mentioned previously, it may support tem- 
porarily the growth of mammalian cells inhibited by aminopterin 
(11), much as low concentrations of BU allow a doubling of the 
viable count of thymine-requiring FE. coli. (9). Furthermore, 
BUDR triphosphate substitutes completely for thymidine tri- 
phosphate in the formation of DNA by the purified enzyme from 
E. coli (34). Finally, the ultraviolet absorption spectrum, vis- 
cosity, and heat stability of DNA containing 32% replacement 
of thymine by BU are not abnormal (35). It seems likely that 
the toxic effect of BUDR, like the mutagenic effect of BU, must 
relate to an interference with the function of DNA, i.e. with 
transfer of information required for protein synthesis. 

Freese has pointed out that BU might exert its mutagenic ef- 
fect either at the time of its initial substitution for thymine in an 
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adenine-thymine pair, or later by its tendency to induce substi- 
tution of a guanine-cytosine pair for adenine-thymine (36). If 
the toxic and mutagenic effects of BU indeed occur through the 
same mechanism, our data would indicate that information trans- 
fer can be affected by the initial substitution alone. 

We have indicated that cells treated with 100 wg of BUDR per 
ml contained a normal amount of DNA, although 50 to 60% of 
the DNA-thymine was replaced by BU. The interpretation of 
this data depends on whether or not such cells had divided; the 
experiments in this work, relatively long in duration and com- 
plicated by some cell lysis, do not establish this point. Thus 
BUDR might have exchanged with 50 to 60% of the thymine 
residues in preexisting DNA, as Zamenhof has suggested may 
occur in nondividing E. coli (37). Alternately BUDR might 
have been incorporated during the initial replication of DNA, 
which as mentioned above does not seem to be inhibited by BU 
or its derivatives, in cells which subsequently divided. Indeed 
no chemical reason is apparent why BU-containing DNA should 
be unable to participate in mitosis, and Zamenhof has also pre- 
sented evidence that Z. coli in which 50% of the DNA-thymine 
has been replaced can still divide (31). 


SUMMARY 


When KD or HeLa cells were incubated for 5 to 7 days with 
increasing concentrations of 5-bromodeoxyuridine, an increasing 
amount of the analogue was incorporated into deoxyribonucleic 
acid (up to 62% and 49% replacement of deoxyribonucleic acid- 
thymine, respectively), and growth (as measured by cell num- 
ber, total cell protein, and single cell plating efficiency) was 
progressively inhibited. Possible mechanisms of this toxic ef- 
fect were discussed. 

Evidence was presented also for the occurrence of small 
amounts of 5-methylcytosine, but no 6-methylaminopurine, in 
the deoxyribonucleic acid of these cell lines. 
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The compositions of the nucleic acids of the T even bacterio- 
phages, T2, T4, and T6 have been shown to be identical with 
respect to their purine and pyrimidine bases within the accuracy 
of existing analytical methods for these bases (1). However 
these viruses contain the unusual pyrimidine, 5-hydroxymethyl 
cytosine, which provides a unique opportunity for chemical 
variability in the composition of these nucleic acids. Cohen 
found (2) that enzymatic digestion of phage nucleic acids by 
pancreatic deoxyribonuclease and intestinal phosphatase released 
large amounts of the deoxyribonucleosides of adenine, guanine, 
and thymine but only a very small proportion of the HMC! 
deoxyribonucleoside, although a similar digestion of thymus 
deoxyribonucleic acid leads to a quantitative degradation to the 
deoxyribonucleosides. It was suggested that the structural 
relations of HMC in some way conferred resistance to the phos- 
phoesterase action of these enzymes. The HMC deoxyribo- 
nucleoside was released by phosphatase after a preliminary acid 
hydrolysis (2). 

It was reported in 1946 that purified preparations of T2r+ 
bacteriophage contained hexose which reacted like glucose (3). 
Jesaitis and Goebel (4) have reported on the presence of hexose 
in T4 preparations and Jesaitis (5) first demonstrated the asso- 
ciation of glucose with the viral nucleic acid. 

In 1954 Volkin (6) and Sinsheimer (7) showed independently 
that the DNA’s of T4r and T2r+ bacteriophages, respectively, 
could be hydrolyzed, albeit incompletely, by pancreatic DNase 
and by venom phosphodiesterase to liberate small amounts of a 
nucleotide which contained both HMC and glucose. The glu- 
cose was present as an O-glycoside of the 5-hydroxymethy] sub- 
stituent on the pyrimidine. In the digests of T4r* nucleic acid 
the ratio of glucose to HMC in various fractions was 1:1 (6). 
However, two HMC nucleotides were isolated by ion exchange 
chromatography from digests of T2r+ DNA, one of which con- 
tained a mole of glucose per mole of HMC whereas the other 
was free of the hexose (7). It was reported that the monoglu- 
cosyl HMC nucleotide is dephosphorylated by a 5’-nucleotidase 
at a markedly slower rate than is the nonglucosylated dHMP 
ce} 

Jesaitis (8) has analyzed the DNA of wild type r+ strains of 
T2, T4, and T6 and has shown that the three strains, which 
contain essentially similar amounts of HMC, contain different 
amounts of glucose in the amount of approximately 0.8, 1.0, 


* This research was aided by a grant from the Commonwealth 
Fund. 

1 The abbreviations used are: HMC, 5-hydroxymethyl cytosine; 
d, used in combination with standard abbreviations, stands for 
deoxy; and dHMP, 5-hydroxymethy]! deoxycytidylate. 


and 1.6 moles of glucose per mole of HMC, respectively. He 
has isolated small amounts of a diglucosyl derivative of dHMP 
and of nonglucosylated dHMP from enzymatic digests of the 
DNA of T6r+ (9). The isolation of the diglucosyl derivative 
of HMC deoxyribonucleoside has recently been described by 
Loeb and Cohen (10). 

Biosynthetic routes to the formation of some of these unique 
viral compounds have been demonstrated. Flaks and Cohen 
(11) have described the biosynthesis of dHMP from dCMP by 
an enzyme produced only in Escherichia coli infected by T-even 
bacteriophages. The conversion of dHMP to the triphosphate 
and its enzymatic incorporation into DNA have been described 
by several laboratories (12-14). The monoglucosylated HMC 
nucleoside triphosphate does not seem to be active in this system 
(15). On the other hand Kornberg et al. (12) have described a 
monoglucosylation of DNA containing HMC by UDP-glucose 
in the presence of an enzyme derived from extracts of T2-in- 
fected E. coli. The glucose of T6r+ DNA is the sole constituent 
of virus DNA which is formed completely de novo after infection 
(10). This is in keeping with the requirement for UDP-glucose 
in formation of virus DNA, whereas other units, purines, py- 
rimidines, etc. are in part derived from preformed host con- 
stituents. 

The exact role of glucosyl moieties in determining the speci- 
ficity of the phage nucleic acids in heredity is not known. A 
relation has been observed between the extent of glucosylation 
of HMC nucleotides in phage DNA and the efficiency with which 
phage infection leads to virus multiplication (16). This is con- 
ceivably related to survival of phage polynucleotide sequences 
within the host, as postulated earlier (2, 17). This laboratory 
has long been interested in the nature of the r mutation affecting 
cell lysis and we have examined various properties of pairs of r+ 
and r mutants. No differences had been observed between the 
base compositions of the parent and mutant strains. However 
preparations of r strains and of the DNA derived from these 
strains were obtained which contained larger amounts of glucose 
(18) than did similar preparations of r+ phages and their DNAs, 
whose glucose contents were comparable to the values reported 
by other workers (6-8). Variations in the glucose content of 
the r preparations and their isolated DNA’s suggested the possi- 
bility that the extra glucose might be derived from degradation 
products of bacteria lysed more extensively by r phages (18) and 
it was felt that to test this point it would be necessary to seek 
and possibly exclude the presence of HMC nucleotides contain- 
ing polyglucosyl units. 

Existing enzymatic methods of releasing HMC nucleotides 
gave low yields of such compounds and although considerable 
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effort was expended in devising chemical techniques to increase 
the yield of HMC mononucleotides no such method was indeed 
devised. Accordingly in lieu of a better approach the DNA of 
pairs of r+ and r strains were degraded extensively by pancreatic 
DNase and venom phosphodiesterase and the incompletely 
hydrolyzed digests were analyzed by ion exchange chromatog- 
raphy. These analyses are presented in this paper, as are a 
number of properties of various HMC nucleotides. 


EXPERIMENTAL 


Materials and Methods 


Biological Systems—The preparation of cultures of FE. coli 
strain B in various media and their use in the production of 
various T-even bacteriophages have been described (19, 20), as 
have been the isolation and properties of r+ and r strains of the 
T2, T4, and T6 bacteriophages used in these studies. Dr. 
Seymour Benzer of Purdue University has analyzed our r strains 
and has informed us that of the strains used in the earlier studies 
(19, 20) T2r was of the rII group, whereas T4r and Té6r are of the 
rl group. Starting with our T2r*+ stock (T2C) Dr. Benzer kindly 
isolated a T2r+I (designated T2Cr8 in his files) and this strain 
was used in this analytical work. 

Chemical Methods; Preparation and Degradation of DN A— 
Preparations of phage containing 100 to 200 umoles of DNA 
phosphorus were degraded by urea (10) and after extensive 
deproteinization, fibrous preparations of sodium salts of DNA 
were precipitated by ethanol and dried in a vacuum over P,Os. 
The solids were soaked overnight at 4° in H.O (about to 2 mg 
per ml) and the very viscous solution was subsequently worked 
to a smooth consistency, adjusted to 0.02 m MgCl. and to pH 
6.5 with dilute NaOH. 

Crystalline pancreatic DNase (Worthington) (1 mg) was 
added per 100 mg of the DNA preparation. The pH, deter- 
mined electrometrically with a glass electrode and pH meter, 
was followed continuously at 37° with CO.-free N. bubbling 
slowly through the digest. The pH was maintained at pH 6.5 
by frequent additions of dilute standard alkali and the digestion 
was continued until no pH change occurred for 30 minutes. In 
each digestion another milligram of DNase was added, and the 
reaction was continued for another hour, although no additional 
pH change was ever observed. The digests were then adjusted 
to pH 9.2 with NaOH and purified phosphodiesterase? was 
added. This enzyme was isolated (21) from 100 to 200 mg 
quantities of the venom of Crotalus adamanteus, obtained from 
the Ross Allen Institute, Silver Springs, Florida. The purified 
phosphodiesterase was demonstrated to be essentially free of 
phosphomonoesterase, as tested on DNase digests of thymus 
DNA. Phosphodiesterase in an amount equal to that derived 
from 40 mg of venom was added to an amount of digest equiva- 
lent to 100 mg of DNA, and the pH was maintained at pH 9.2 
by addition of standardized alkali during digestion. Hydrolysis 
seemed to be complete in about 90 minutes. After another 30 
minutes, added portions of diesterase did not increase hydroly- 
sis. Thus the limitation in enzymatic cleavage did not seem to 
arise from the development of products inhibitory to the en- 
zyme. However it was noted in one experiment with T2r+ 
DNA that repetitive treatment with DNase and phosphodi- 


2 We are indebted to Dr. J. F. Koerner for telling us of an im- 
proved isolation method for this enzyme before its publication. 
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esterase did lead to a significantly higher yield of mononucleo- 
tides and particularly of the HMC nucleotides. 

Analytical Methods—Analyses were made on the DNA solu- 
tions after digestion by DNase had reduced the viscosity of the 
solutions sufficiently to permit accurate pipetting. Phosphorus 
was determined by the method of King (22) and deoxyribose 
by the diphenylamine reaction (23). The estimation of glucose 
by the anthrone method has been described (18). Since deoxy- 
ribose is reactive in this reaction, it is necessary to attempt 
suitable corrections for the color contributed by nucleotides 
containing this substance. The estimation of this correction is 
very difficult since not only does purine-bound deoxyribose 
react, as in the diphenylamine reaction, but pyrimidine-bound 
deoxyribose does also to a slight extent. The extent of the 
correction may be made relatively accurately with mono- or 
dinucleotide fragments whose base compositions are known and 
whose nonglucosylated components may be assembled in a 
test mixture. In most estimations of the glucose content of 
the mononucleotides, (CMP was used as a blank. However 
the correction is necessarily less accurate with digests or larger 
polynucleotide fragments. With the latter types of material it 
is unlikely that the determination of glucose content by this 
colorimetric method is more accurate than +10 to 15%. 

Ion Exchange Chromatography—The enzymatic digests were 
fractionated by the method of Sinsheimer and Koerner (24). 
Digests containing 100 to 200 umoles of DNA phosphorus, ad- 
justed to pH 10, were applied to Dowex 1-acetate columns (10 
em X 1 em, 4% cross-linked) at concentrations of 0.01 to 0.02 m 
with respect to total anion. The preparation of the column has 
been described (25). The column filtrate or eluate was collected 
at a flow rate of 0.2 to 0.4 ml per minute in 5 ml fractions on a 
Gilson fraction collector, equipped with an ultraviolet absorp- 
tion spectrophotometer, continuously recording percentage of 
transmission at 2537 A. The initial filtrate was washed through 
with 0.01 m NH,OH and the column was then washed with 
H.O. Elution was carried out with ammonium acetate buffers 
adjusted to pH 4.3. These were used successively at the follow- 
ing concentrations: 0.01 m, 0.03 m, 0.06 m, 0.1 m, 0.2 m, 0.3 m, 0.5 
M,1M,and2m. With each eluent, a minimum of 100 ml of buffer 
was applied; and if a component was eluted, the eluent was 
not changed until the concentration of component in the eluate 
had fallen to essentially zero. After completing the elution of a 
component at the end of a day, the flow of eluent was frequently 
arrested until the following morning. On beginning the flow of 
buffer on the next morning a small amount of guanine usually 
came off quite rapidly, reflecting the small but significant la- 
bility of the deoxyribosy] linkage to guanine at pH 4.3 at room 
temperature. 

Fractions containing the separated mononucleotides were 
pooled after a more extensive spectrophotometric examination 
and were concentrated by distillation under reduced pressure. 
Fractions lacking appreciable ultraviolet absorption were also 
pooled and concentrated. Phosphorus analyses were made of 
all fractions; phosphorus was present only in fractions charac- 
teristic of the known mononucleotides and larger components 
of the digest. After estimating the yields of the mononucleo- 
tides, dTMP, dAMP and dGMP, which were shown to have 
correct spectral properties, the pooled fractions were taken to 
dryness in a vacuum and finally lyophilized to minimize the 
ammonium acetate content of the preparations. 

The yields of the mononucleotides of HMC were estimated 
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Phosphodies- 
Effect of DNase terase after 
DNase 
Sample offDNA 
Moles H+ et 82, rate, 507% Total moles 
liberated per violet | H* liberated - 
mole DNA-P absorption* | Before | After mole DNA- 
T2r* 0.08 34 30.9 | 1.14 | 0.68 
T2ri 0.10 34-37 33.7 | 1.21 0.63 
T4r* 0.09 29 32.3 1.15 0.60 
T4riI 0.12 36 36.3 | 1.39 0.73 
T6rt 0.08, 0.09 35 42.1 | 1.26 0.68, 0.65 
Térl 0.11 36 50.2 | 1.36 | 0.68 
Thymus 34-38 15.4 | 1.26 0.98 
E. coli 34 22.8 | 1.12 | 0.98 











* These estimations were kindly made by Miss H. D. Barner. 


from the sum of the ultraviolet absorption at 280 my of each 
fraction within each elution peak. The extinction coefficients 
of each HMC-containing mononucleotide were estimated by de- 
termining the P content and absorption at 280 my at pH 4.3 for 
aliquots taken from the maximum of each elution peak. Thus 
the €230’s at the pH of elution, pH 4.3, were estimated to be 8.5 X 
10°, 8.2 X 10°, and 8.6 x 10° for diglucosyl dHMP, monoglucosyl 
dHMP, and nonglucosylated dHMP, respectively. 


RESULTS 


Extent of Enzymatic Digestion—The electrometric back titra- 
tion of the digest to maintain digestion at a constant pH pro- 
vided a measure of the extent of cleavage of the DNA chains. 
It can be seen in Table I that the extent of hydrolysis of phage 
DNA by DNase was of the order of 10% of the phosphodiester 
bonds, or about half that observed with DNA derived from other 
materials (26). 

The subsequent degradation by phosphodiesterase cleaved an 
additional 50 to 60% of the phosphodiester bonds as recorded in 
Table I. This amounts to a total of 60 to 70% of the total phos- 
phodiester bonds, as contrasted to an essentially quantitative 
cleavage of thymus DNA (27) or a greater than 93% cleavage of 
T7 DNA (28) to mononucleotides by the same treatment. Thus 
the stepwise digestion of all the T-even phage nucleic acids by 
pancreatic DNase and Crotalus venom phosphodiesterase left 30 
to 40% of the nucleotides in polynucleotide fragments. In con- 
trast to the results with phage DNA an identical digestion of E. 
coli DNA and fractionation by ion exchange separation resulted 
in a 94% recovery in the form of mononucleotides as estimated 
on a phosphorus basis or in a 98% recovery estimated spectro- 
photometrically. 

Analysis of the ultraviolet absorption at 2600 A at 37° during 
digestion of DNA at about 30 ug per ml by DNase at 0.45 ug of 
DNase per ml in 0.05 m Tris buffer pH 7.5 + 0.02 m MgCl, re- 
vealed that the increase in this function for phage DNA was com- 
parable to that observed with samples of thymus DNA and E. 
coli DNA, as presented in Table I. At lower concentrations of 
the enzyme, which revealed the markedly slower rate of degrada- 
tion of the various phage DNA samples,? as contrasted with 


3 The rate of increase of ultraviolet absorption when solutions 
of phage DNA are degraded by pancreatic DNase was found by 
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thymus DNA, the increase in ultraviolet absorption finally at- 
tained was frequently less than 30% and appeared to reflect the 
inhibition of the enzyme by DNA and its degradation products. 
In any case, degradation of DNA by DNase carried to comple- 
tion appeared to eliminate essentially all structural integrity re- 
sponsible for the restriction of ultraviolet absorption in phage 
DNA. 

Studies were also made of the sedimentation behavior of phage 
DNA and of DNase digests to determine whether the products 
of digestion of the phage DNA were markedly larger than those 
of thymus DNA. Sedimentation velocity studies of solutions of 
phage DNA and digests (3 to 4 ug of DNA phosphorus per ml) 
were carried out in a Spinco model E ultracentrifuge* equipped 
with ultraviolet absorption optics (29). A Spinco Analytrol was 
used to read the films. The analysis of these densitometer read- 
ings to estimate sedimentation constants has been described (29). 
The s rates were corrected to that for water at 20°. Samples of 
intact DNA and phage digests having an optical density at 260 
my of 0.7 to 0.9 were analyzed in 0.1 m Tris buffer at pH 7.6. 
The distribution of s rates of these samples was determined. The 
DNA’s were observed to be somewhat less heterogeneous and to 
possess somewhat higher s rates than are obtained for most sam- 
ples of thymus DNA. These samples also possessed a consid- 
erably higher ysp/c, extrapolated to infinite dilution and zero 
shear gradient, than had thymus DNA. Thes rate recorded in 
Table I is that of material at the midpoint of the sedimenting 
boundary. As recorded earlier (30) a bimodal distribution of ssq, 
rates was not observed for phage DNA. In the absence of data 
on the concentration dependence of the s rate and distribution 
function for phage DNA, and in the absence of data on the ef- 
fect of the isolation procedure on the physical parameters of this 
material, the s rates for the DNA before digestion which are pre- 
sented in Table I will not be discussed further. 

In order to analyze the sedimentation of the slowly sedimenting 
DNase digests, use was made of the synthetic boundary cell (29). 
As can be seen in Table I, the ssq, rates of the DNase digests of 
phage DNA and other DNA are not significantly different, and 
indeed the spread of the boundaries is also quite similar. After 
a digestion with DNase carried to completion the s rates at the 
50% points of the various boundaries were 1.1 to 1.4, and at the 
90% point were 6 to 7. Thus digestion of phage DNA by pan- 
creatic DNase did not leave a high molecular fraction comprising 
a significant portion of the initial DNA. 

Analysis of Digests—The initial alkaline filtrate through the 
column usually contained a very small amount of deoxyribonu- 
cleosides and free bases. The ultraviolet absorption of this frac- 
tion, usually having a maximum at 255 to 260 my at pH 10 
amounted to 0.5 to 1.5% of the total. This fraction, the H.O 
washes and the eluate made with 0.01 m acetate pH 4.3 did not 
contain phosphorus. 

The first nucleotides to be eluted contained HMC and three 
such nucleotides were observed. These contained in the order 





Miss H. D. Barner to be uniformly and markedly lower for T4 
DNA than for T2 and T6 DNA under comparable conditions at 
low enzyme concentration. The T4r+ and T4r DNAs were de- 
graded at identical rates when so tested under identical conditions. 

4 We are indebted to Dr. H. K. Schachman of the Virus Labora- 
tory of the University of California who kindly made his facilities 
available to us for these studies and in addition was very helpful 
in the interpretation of the data therein obtained. We are also 
grateful for the assistance of Miss Pearl Appel of his laboratory in 
the calculation of the distribution of s rates. 
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of their appearance from digests of T6-DNA a diglucosy! moiety, 
a monoglucosyl moiety, and a final nucleotide lacking glucose. 
From such a digest (150 wmoles of P applied to the column) the 
diglucosyl dHMP could be eluted with 100 ml 0.03 m acetate (pH 
4.3) and the monoglucosyl and nonglucosylated dHMP were 
eluted with 0.06 m buffer. Occasionally a column was obtained 
with which the elution of the diglucosyl nucleotide with 0.03 m 
acetate proceeded too slowly, and in this case 0.06 M acetate was 
used to elute the diglucosyl- and monoglucosyl-dHMP while 0.1 
M acetate was used to elute dHMP. On this column dCMP is 
eluted with 0.1 m acetate; no trace of this compound was ever 
observed in these digests. Records of the elution patterns of the 
dHMP nucleotides for digests of DNA of T6r+ and Té6r are pre- 
sented in Figure 1A and B, respectively. It can be seen that each 
digest contains three comparable components; these are the 
dHMP nucleotides noted above, and the properties of these ma- 
terials will be considered in detail below. 

As shown in Figure 1 and Table II, the monoglucosylated nu- 
cleotide is present only as a small fraction of the total dHMP 
nucleotide® of which approximately 40% has been recovered in 
both cases. Jesaitis first discovered the existence of digluco- 
sylated dHMP and nonglucosylated dHMP in T6r* digests (9) 
but in those studies did not detect the presence of the small 
amount of the monoglucosylated nucleotide. He has since ob- 
served the three substances in T6 digests essentially in the pro- 
portions described above (31). 

The similarity of the patterns in studies of digests of several 
preparations of T6r+ DNA and in the T6r* and T6r analyses sug- 
gest that the monoglucosyl dHMP is not an artifact arising from 
the degradation of the diglucosyl derivative. The quantitative 
variation between the two preparations with respect to their 
content of the monoglucosyl component, as reported in Table II 
may arise in several ways. The analysis of a great many prep- 
arations of phage DNA would be required to be certain that the 
observed differences are significant. Thus, although some care 
was taken to attempt to carry the digestion to completion, 
thereby accounting for higher yields of the dHMP mononu- 
cleotides than obtained earlier, it will be seen below that the hy- 
drolysis of the glucosylated dHMP nucleotides does occur very 
slowly. In the digestion of phage DNA, then, hydrolysis would 
proceed very slowly at the end and would yield disproportion- 
ately large amounts of the dHMP nucleotides at this stage of the 
digestion. Under such circumstances if digestion were not abso- 
lutely completed one might expect to observe quantitative dif- 
ferences with respect to particularly refractory parts of the 
polynucleotide chain. In this connection it can be noted that 
the total yield of dHMP nucleotides is lowest from T4 prepa- 
rations which appears to contain only the monoglucosylated 
nucleotide, affirming the high level of resistance to enzymatic 
cleavage conferred by the presence of this compound and by 
the absence of nonglucosylated dHMP.*4 

In Fig. 2A and B are presented the elution patterns of the 
dHMP nucleotides from digests of the DNA of T2r+ and T4rt, 
respectively. As can be seen in Fig. 2A, no trace of the digluco- 
syl derivative was obtained from T2r+ and only the monogluco- 
syl- and nonglucosylated nucleotides were observed in similar 
amounts during elution with 0.06 m buffer. In the analyses re- 
ported in this figure, in which the high yield of 60% of the total 

5 For the purposes of estimating yields of recovery of dHMP 


nucleotides the total HMC content of T even phage DNA is as- 
sumed to be 0.16 mole HMC per mole phosphorus (1). 
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Fic. 1A (upper). The ion exchange separation of various HMC- 
containing deoxynucleotides from an enzymatic digest. of T6r* 
DNA. B (lower). The ion exchange separation of various HMC- 
containing deoxynucleotides from an enzymatic digest of Té6r 
DNA. 


TABLE II 
Yield of mononucleotides from DNA digest 





| Percentage of phosphorus applied to column 





























Recovery* 
Phage DNA Diglu- | Mono- Mono- 
cosyl |glucosyl| dHMP | dTMP | dAMP! dGMP | nucleo- | Total P 
dHMP | dHMP tides 
| % | % 
T2r+ A | 0 | 6.9 | 24.1 | 22.91 14.7 | 69 | 87 
T2r+ B 0 | 4.1 | 5.5 | 28.0] 26.8]16.5 | 81 | 94 
T2rl 0 | 2.6 | 2.6 | 22.0] 20.8] 10.7 | 69 | 80 
T4rt 0 |32/0 13.6 | 17.4] 15.3 | 50 | 79 
T4rl 0 | 3.3 | 0 22.2 | 21.0| 12.9 | 59 | 88 
Tértt | 3.1 | 0.7 | 2.4 | 27.7] 21.8] 11.8 | 67 | 94 
Térl | 2.7 | 0.4 | 3.4 | 21.7 | 20.9 | 12.8¢ | 62 | 93 








* Including polynucleotides eluted from column. 
{ After correction for dinucleotide (1.2%). 


t HMC nucleotides used for estimation of e, dephosphoryla- 
tion. 


HMC of T2r*-B was obtained as mononucleotides in the digest, 
the digest had been subjected during one day to two successive 
treatments with DNase, one by phosphodiesterase, ‘and on the 
next day another treatment by DNase followed by phosphodi- 
esterase. The second series of treatments liberated an additional 
12 wmoles of acid per 149 umoles of DNA phosphorus. Thus 
as noted above the somewhat lower yield of dHMP nucleotides 
from T2rI, although qualitatively reflecting the similar content 
of both nucleotides, may be interpreted as reflecting the resist- 
ance of the residual fragments which were not similarly subjected 
to such repetitive enzymatic assaults. 

As can be seen in Fig. 2B, T4r+ was observed to liberate only 
the monoglucosylated dHMP which was eluted at 0.06 m buffer. 
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Fic. 2A (upper). Theion exchange separation HMC-containing 
deoxynucleotides from an enzymatic digest of T2r+ DNA. B 
(lower). The ion exchange isolation of monoglucosy] dHMP from 
an enzymatic digest of T4r* DNA. 


As reported in Table II for both T4r+ and T4r, only 20% of the 
total HMC was obtained in this form in each case. 

The separation of dTMP and dAMP was never entirely com- 
plete in this system in a single run. The elution was effected 
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initially at 0.2 m acetate and a point was usually obtained where- 
in the elution of dTMP was almost complete but had not fallen 
to zero before dAMP began to be eluted. The degree of overlap 
did not involve more than 5% of either of the two nucleotides 
estimated spectrophotometrically. At the point where dTMP 
fell and dAMP appeared, the molarity of the buffer was increased 
to 0.3 m. The final mononucleotide, (GMP, was eluted at 0.5 
M acetate buffer. Polynucleotide fragments were then eluted at 
1.0 M, 1.5m, and 2.0 Macetate. Thecolumns were finally washed 
with m HC}; this final eluate rarely contained significant amounts 
of phosphorus. 

No other mononucleotides were detected by this analytical pro- 
cedure. Digests of T6 DNA contained a dinucleotide of adenine 
and diglucosylated HMC which was eluted just before dGMP, 
as can be seen in Fig. 3. However it was not separated cleanly 
from dGMP in a single elution sequence. The properties of this 
fragment, comprising 7.5% of the total HMC, will be described 
below. 

Properties of HMC Mononucleotides—The separated mononu- 
cleotides were lyophilized to minimize the ammonium acetate in 
the preparations and were stored at —20°. Further purification 
was effected by adsorption on and elution from charcoal as de- 
scribed by Pontis et al. (32). Yields were of the order of 50 to 
70% of the nucleotide applied. 

The dHMP nucleotides were characterized and differentiated 
by their composition, their ultraviolet absorption properties over 
a wide range of pH, chromatographic properties in two solvent 
systems, electrophoretic mobilities, and sensitivity to alkaline 
phosphatase. 

The absorption maxima of the three dHMP nucleotides were 
found to be at 283 to 284 muy in 0.1 N HCl and at 275 my at neu- 
trality and in 0.1 N NaOH. The minima were at 245 muy inacid 
and at 255 my at neutrality and in alkali. These properties and 
spectral changes in acid, neutral pH, and alkali affirmed the iden- 
tity of ionizable groups in a common base in the three nucleotides. 
The pK of the amino groups of each nucleotide was estimated by 
the spectrophotometric method (33); in earlier studies by this 
method (10) the pK values of the HMC deoxyriboside and of the 
diglucosyl derivative of this deoxyriboside were found to be 3.5 
to 3.6 and 3.4 to 3.5, respectively. In Figs. 44, B, and C are 
presented the effects of pH on the various extinction ratios of the 
mononucleotides. In these figures the diglucosylated and non- 
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Fia. 3. The ion exchange separation of a dinucleotide containing HMC from dGMP in the analysis of an enzymatic digest of 


T6r DNA. 
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Fig. 4. The effect of pH on the 290:260, 280:260, and 250:260 Fic. 4B 
extinction ratios of A, dHMP; B, monoglucosyl dHMP; C, di- 
glucosyl] dHMP. 
glucosylated nucleotides were derived from the T6rI preparation ” 
while the monoglucosylated derivatives were obtained from the 2ST fr 
T4r* preparation. The diglucosy] derivative was found to con- 
tain 1.83 moles of glucose per mole of P, and the T4 derivative 
had 1.02 moles of glucose per mole of P. Identical pK values ool DIGLUCOSYL dHMP 
were obtained for the diglucosyl derivative derived from T6r* ? 
(1.96 moles of glucose per mole of P) and from T6rI. It can be 
determined from the figures that the pK values of the amino O 280 
group were 3.75 to 3.80 for the diglucosyl-dHMP, 3.6 to 3.75 for & 15+ : 360 
the monoglucosyl dHMP, and 4.0 to 4.2 for freedHMP. Infree ™ ~~ . 
dHMP it may be inferred that the presence of the phosphate and ty 
its propinquity to the amino group inhibit the loss of the proton Z 
from —NHs*, accounting for the higher pK of this group in & 10 4 290 
dHMP as contrasted to the deoxyribonucleoside. Substitution 5 a o—__500 
at the —CH.OH interposes a group between the phosphate and % 
—NH;* and reduces the pK of the latter. Thus the spectral “ i 
7 ; kan dg : P 250 
properties of the glucosylated compounds were quite different —— 560 
from those of the nonglucosylated dHMP at the pH of elution 
(pH 4.3) from the ion exchange column as a function of the dif- 
ferences in extent of dissociation of the amino groups of these ; “ 
compounds. 0 2 4 6 8 10 \2 14 
The separated nucleotides were studied by descending paper pH 
chromatography in two solvent systems, the isobutyrate-NH,OH Fia. 4C 


system at pH 3.9 (34) and the ethanol-acetate-tetraborate sys- 
tem (35). The electrophoretic motilities of the compounds were 
also compared on paper in 0.2 m borate buffer at pH 9.2 in the 
E. C. 405 electrophoresis apparatus at 22.2 volts per cm for 2 
hours. The behavior in these systems readily distinguished the 
compounds, as can be seen in Table III. 

In the unfractionated digests of thymus DNA, chromatogra- 
phy in the isobutyrate system easily reveals the four nucleotides 
in the order of increasing Ry: (GMP, dTMP, dCMP, and dAMP. 
Similar analyses of digests of phage DNA clearly demonstrates 





the deficiency of dCMP, although a faint spot attributable to 
dHMP may be perceived in that area. In addition the gluco- 
sylated dHMP derivatives are easily detected in the area between 
polynucleotide fragments and the more mobile (GMP. 

The sensitivities of the three HMC nucleotides and of (CMP 
to hydrolysis by calf intestinal alkaline phosphatase (35) were 
compared. Enzyme purified up to, but not including the acetone 
precipitation step (9), was used. Four units of phosphatase in 
0.025 ml were added to 0.33 umole of nucleotide in 1.1 ml of 0.05 
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Chromatographic and electrophoretic properties of HMC nucleotides 
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Fig. 5. A comparison of the enzymatic dephosphorylation by 
alkaline phosphatase of dCMP and various glucosylated deriva- 
tives of dHMP. 


Tris buffer pH 9.2 containing 0.03 m Mg++ and the mixture was 
incubated at 37°. Aliquots were removed, acidified, and inor- 
ganic P was determined. In Fig. 5, it can be seen that dHMP 
is dephosphorylated at a markedly slower rate than is (CMP. 
Glucosylation sharply reduces the rate of dephosphorylation of 
dHMP to 10% or less of the rate at which dCMP is cleaved. 
Of interest is the observation that the cleavage of the monogluco- 
syl derivative soon stopped completely. 

Properties of Dinucleotide—The fraction present in T6 DNA 
digests which was eluted by 0.5 m acetate just before the elution 
of dGMP was concentrated and lyophilized. A solution of this 
material was subjected to various analyses. It did not chroma- 
tograph as a compact spot in the isobutyrate system. Spectra 
were measured at pH 1, 7, and 13 and absorption maxima were 
observed at 270 my, 266 my, and 265 my, respectively. The 
absorbance ratios were those of a 1:1 mixture of dAMP and 
dHMP. The material contained 0.5 mole of reactive deoxyri- 
bose per mole of P, suggesting the presence of equal amounts of 
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purine and pyrimidine nucleotides. Hydrolysis for 1 hour at 
60° in n HCl, followed by chromatography in butanol-NH,OH 
(37), revealed adenine as the sole mobile base. The glucose con- 
tent of the material was estimated with a mixture of equimolar 
amounts of (AMP and dCMP as the blank. The substance con- 
tained 1.1 moles of glucose per mole of P. It was concluded that 
the fraction is a dinucleotide consisting of dAMP and the digluco- 
sylated dHMP. 

Treatment with alkaline phosphatase converted slightly more 
than 50% of the total phosphorus to inorganic P. Hydrolysis 
at 100° with n HCl for 1 hour also cleaved half of the total P. 

Note added in proof: Four structural possibilities exist for the 
dinucleotide. These are d-pApH, d-pHpA, d-ApHp, and d- 
HpAp, where H represents the diglucosyl hydroxymethyldeoxy- 
cytidine. The last two structures are excluded by the method of 
preparation. The second possibility would be expected on acid 
hydrolysis or treatment with Burton’s reagent to lead to the 
formation of the diphosphate of the pyrimidine nucleoside [Bur- 
ton, K. and Petersen, G. B., Biochim. et Biophys. Acta, 26, 667 
(1957) and Potter, J. L. and Laskowski, J. L., J. Biol. Chem., 
234, 1263 (1959)], whereas the first should lead to the formation 
of the 5’-monophosphate of the pyrimidine nucleoside. After 
treatment with Burton’s reagent, a compound was found whose 
Rr in isobutyrate-NH,OH and electrophoretic mobility in borate 
were those of the diglucosy] dHMP. It is concluded that the 
nucleotide probably has the structure d-pApH. 

DISCUSSION 

No evidence could be obtained in these analyses to show that 
the DNA of a mutant r phage differed significantly in its content 
of glucosylated dHMP nucleotides from the DNA of the parent 
r+ phage. However these experiments revealed only a part of 
the total HMC of the DNA as mononucleotides and it might be 
imagined that the HMC attached to polynucleotide fragments 
contained other types of glucosylated nucleotides which were 
even more resistant to enzymatic degradation. It is of interest 
in this connection that Lehman has recently described (38) a nu- 
clease derived from EF. coli which was capable of complete con- 
version of a partially digested phage DNA to mononucleotides 
and in a hydrolysate of T2r+ DNA was able to detéct a small 
amount of the diglucosylated dHMP. From the yield of non- 
glucosylated dHMP from T2r+ DNA, in Analysis B, recorded in 
Table II, it may be calculated that the glucose content of T2 
DNA is too high to be accounted for by monoglucosylated dHMP 
alone and leads one to postulate other polyglucosyl derivatives. 
The application of the new nuclease to r+ and r DNA should be 
most helpful in settling the question originally posed. 

Although the addition of glucosyl moieties to HMC deoxyribo- 
nucleoside did not affect the pK of the amino group to a marked 
extent, it is clear that the nucleotides present a different picture. 
The pK of the amino group seems to be similar in dHMP and in 
dCMP, the former being 4.0 to 4.2 and the latter at 4.2. The 
addition of one or more glucosyl moieties to dHMP reduces the 
pK very significantly to 3.6 to 3.8, accounting in part for the ease 
of separation of the glucosyl derivatives from the nonglucosylated 
nucleotide. However the diglucosyl and monoglucosyl deriva- 
tives are also cleanly separated in elution from Dowex 1-acetate 
despite the similarities of their pK values. This phenomenon of 
the effect of glucose in decreasing affinity for the resin may also 
be observed in the relatively early elution of the diglucosylated 
dinucleotide in T6 digests, when other dinucleotides from other 
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digests are not detectable before release of all of the mononu- 
cleotides. The effects of such a substituent are also noteworthy 
in paper chromatography in the isobutyrate system in which af- 
finity for the aqueous phase is increased by addition of glucose. 
In paper electrophoresis in borate at pH 9.2 the increase in mo- 
lecular volume of the nucleotides resulting from addition of glu- 
cose decreases electrophoretic mobility and more than compen- 
sates for the effect of borate which increased net charge. 


SUMMARY 


The deoxyribonucleic acids of three pairs of parent and mutant 
phages, T2r+ and T2r, T4r+ and T4r, T6r+ and Té6r were de- 
graded by pancreatic deoxyribonuclease. Despite a slow and 
relatively low extent of cleavage of phosphodiester bonds by this 
enzyme, the sizes of the resulting fragments, estimated ultracen- 
trifugally, were of the same order as those from the deoxyri- 
bonucleic acid of thymus or Escherichia coli. The subsequent 
cleavage of these fragments by rattlesnake venom phosphodi- 
esterase released mononucleotides and a large proportion of poly- 
nucleotide fragments which were fractionated by ion exchange 
chromatography. Most of the viral 5-hydroxymethy! deoxycy- 
tidilic acid (CHMP) remained in the polynucleotide fragments. 
However of the dHMP mononucleotides released, similar distri- 
butions of the several types were observed in digests of parental 
r+ and mutant r strains. 

The dHMP nucleotides isolated from T2 strains were of two 
types, monoglucosylated and nonglucosylated, in contrast to the 
monoglucosylated dHMP nucleotide isolated from T4 strains. 
Three types were isolated from T6 strains, including similar 
amounts of a diglucosylated and a nonglucosylated plus a small 
portion of the monoglucosylated derivative. In addition T6 
strains yielded a dinucleotide of dAMP and of diglucosylated 
dHMP. Spectrophotometric, chromatographic, and electropho- 
retic properties of the three types of dHMP nucleotides are re- 
corded. 
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In spite of recent notable achievements in the isolation and 
purification of enzymes capable of synthesizing polynucleotides 
(1-3), the identity of those enzymes responsible for the synthesis 
of ribonucleic acid in mammalian cells has not been established. 
The nucleoside diphosphates of the four bases of ribonucleic acid 
can be polymerized into a polynucleotide which resembles a 
natural ribonucleic acid by polynucleotide phosphorylase, an 
enzyme found in yeast (4), bacteria (1, 2), and plants (5), but 
not as yet in mammalian tissues. Nucleoside triphosphates can 
be attached enzymatically at terminal positions of a ribonucleic 
acid component present in the soluble fraction after high speed 
centrifugation of homogenates of mammalian tissues (6-13). 
This terminal addition reaction may be related to protein syn- 
thesis rather than to ribonucleic acid synthesis (14). 

We have studied the incorporation of adenosine triphosphate 
into polynucleotides with a partially purified enzyme from calf 
thymus nuclei that catalyzes a reaction different from the two 
described above. Evidence has been presented for the existence 
of two distinct mechanisms for the incorporation of ATP into 
polynucleotides in extracts of Ehrlich ascites cells (9). One of 
these was the terminal addition of ATP to RNA referred to 
above. The other was an internucleotide incorporation as 
judged by the fact that C' from the labeled ATP was released 
from acid-insoluble material by alkali as a mixture of 2’/-AMP 
and 3’-AMP, rather than as the adenosine characteristic of 
terminal addition. That these two types of incorporation in- 
volved separate mechanisms was deduced from data showing 
that certain experimental manipulations of the extracts greatly 
altered the amount of radioactivity released as adenosine with- 
out affecting that released as nucleotides (9). The enzyme re- 
sponsible for internucleotide incorporation has now been purified 
100-fold from extracts of calf thymus nuclei. 

This report will present details of the purification and some 
properties of the enzyme. The enzyme catalyzes the synthesis 
from ATP of an acid-insoluble material containing a linear se- 
quence of adenine nucleotides linked through 3’ ,5’-phospho- 
diester bonds. CTP is utilized poorly, and GTP and UTP not 
at all. 


METHODS AND MATERIALS 


A number of biochemical reagents were obtained from com- 
mercial sources as follows: ATP, GTP, CTP, UTP, phosphoenol- 
* This investigation was supported by a research grant from 


the American Cancer Society and by the United States Atomic 
Energy Commission under Contract No. AT(30-1)-1818. 


pyruvate, and pyruvate kinase from Sigma Chemical Company; 
crystalline RNase from Worthington Biochemical Corporation; 
5-phosphoribosylpyrophosphate from Pabst Laboratories; gua- 
nine-2-C" from Isotope Specialties Company, Inc. and ADP-8- 
C4, ATP-8-C'4, uridine-2-C™, and cytidine-2-C™" from Schwarz 
Laboratories, Inc. We are indebted to Dr. Marvin Tunis for 
carrot nucleoside phosphotransferase, to Dr. Peter Olmsted for 
polyadenylic acid, and to Dr. Maria Fuld-Conderman for creatine 
kinase. Snake venom diesterase was prepared by the method 
of Cohn et al. (15). 


Preparation of Labeled Compounds 


CMP-2-C% and UMP-2-C4%—A mixture of 100 yumoles of 
labeled nucleoside, 500 umoles of phenylphosphate adjusted to 
pH 5.0, and 100 ug of carrot nucleoside phosphotransferase was 
incubated in 1.5 ml of 0.1 m sodium acetate, pH 5.0, for 40 hours 
at 30° (16). The reaction mixture was adjusted to pH 7.0 and 
applied to a 30 X 0.5-em Dowex 1-formate (8% cross-linked) 
column. After removing unreacted nucleoside by washing the 
column with water, 5’-CMP was eluted with 0.04 m formic acid, 
and 5’-UMP with 4.0 m formic acid passed through a 500-ml 
water mixer. Nucleotide yields ranged from 30 to 40%. 

GM P-2-C4%—Guanine-2-C™“ (17.7 ymoles) and PP-ribose-P 
(44 pmoles) were incubated with 7.5 mg of crude inosinic acid 
pyrophosphorylase (17) in 93 ml of 0.05 m Tris buffer, pH 8.0, 
containing 0.02 m MgClo. After 60 minutes at 37° it was de- 
proteinized by boiling, centrifuged, and the supernatant solu- 
tion applied to a Dowex 1-formate column (30 x 1.0 cm). 
Gradient elution with 4.0 m formic acid through a 500-ml mixer 
resulted in the recovery of GMP-2-C" in 50% yield. 

Preparation of Labeled Nucleoside Triphosphates—UT P-2-C%, 
CTP-2-C"“, and GTP-2-C' were prepared by phosphorylation 
of the mononucleotides with a 0.025 m potassium phosphate 
buffer extract of an acetone powder of Ehrlich ascites cells having 
a protein content of 5 to 10 mg per ml. Labeled mononucleotide 
(20 to 25 umoles) was incubated for 35 minutes at 37° in 10 ml 
of this extract to which the following additions were made: P- 
enolpyruvate, 100 umoles; crude pyruvate kinase, 0.5 mg; ADP, 
40 umoles; ATP, 10 umoles; cysteine, 100 wmoles; MgCle, 80 
umoles; KCl, 400 umoles; and Tris, pH 7.6, 300 umoles. After 
chilling to 0°, 3.0 m perchloric acid was added to a final concen- 
tration of 0.4 mM; proteins were removed; and the solution was 
adjusted to pH 7.0 with KOH. After removing the KCI1O,, the 
solution was applied to a 30 xX 1.0-cm Dowex 1-formate column 
and gradient elution carried out with ammonium acetate buffers 
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through a 500-ml water mixer flask. The reservoir initially con- 
tained 0.1 M ammonium acetate in 5.0 m acetic acid, the salt 
concentration being raised to 0.5 m after elution of the mono- 
phosphates. After removal of the diphosphates, the salt con- 
centration was again raised to 1.5 m to elute the triphosphates. 
The nucleoside triphosphate fractions were pooled, taken to dry- 
ness several times in a vacuum at 40° to remove ammonium 
acetate, and stored in frozen solution. Yields were 75 to 95%. 
In the case of GTP, yields were somewhat lower as 20% of the 
GMP was converted to an unidentified guanine compound eluted 
from the column after GTP. 

Preparation of AMP®PP—5’-AMP labeled with P® was pre- 
pared from Ehrlich ascites cells which had been incubated in 
vitro with labeled orthophosphate. Eight grams of sodium 
chloride-washed Ehrlich mouse ascites cells were incubated with 
10 me of P*-labeled orthophosphate for 2 hours in 54 ml of a 
modified Robinson’s medium (18) which contained 0.005 m 
glucose and 0.05 m Tris, pH 7.6, in place of phosphate. The 
cells were collected by centrifugation, washed with 30 ml of 0.9% 
sodium chloride, and then kept at room temperature for 30 
minutes to favor conversion of adenine nucleotides to AMP. 
They were then extracted with 12 ml of cold 0.5 m perchloric acid 
and the residue washed once with cold 0.2m perchloric acid. The 
combined solutions were neutralized with 11 m KOH, and after 
removal of KClO,, applied to a 30 X 1.0-em. Dowex 1-formate 
column. 5/-AMP® was eluted by passing 1.0 m formic acid 
through a 400-ml water mixer. The 5.5 umoles of P*-labeled 
5’-AMP recovered contained 3.6 X 10’ c.p.m. per ymole. This 
AMP was converted to AMP#PP by the procedure described 
above for the preparation of nucleoside triphosphates. 

Preparation of Pyrophosphate P®*—Inorganic pyrophosphate 
was prepared by the pyrolysis of NazHPO, as described by 
Abrams and Bentley (19). 


Preparation of RNA 


The phenol technique as described by Kirby (20) was used to 
prepare RNA from a crude enzyme solution (Fraction 2). The 
extract, adjusted to pH 6.8 and 0.05 m with potassium phosphate 
buffer, was shaken for 60 minutes with an equal volume of 88% 
phenol at room temperature. After centrifuging for 1 hour at 
1200 X g at 4° a cloudy supernatant solution was removed. The 
phenol layer containing denatured protein was shaken with an 
equal volume of water for 30 minutes. After centrifuging for 45 
minutes at 4°, the aqueous phase was carefully removed, and the 
phenol layer washed a second time. Solid potassium acetate 
was added to the combined aqueous fraction to a concentration 
of 2%, followed by 2 volumes of cold ethanol. After 1 hour at 
0°, a flocculent precipitate was collected by centrifugation. It 
was washed twice with ethanol-H.O (3:1), dissolved in water, 
and dialyzed 18 hours against distilled water. 

In some experiments polynucleotides were isolated after incu- 
bation with labeled precursor by the hot NaCl extraction method 
as described by Hurlbert and Potter (21). 


Enzyme Assay 


Unless otherwise indicated the reaction was carried out for 30 
minutes at 37° in a 12-ml heavy walled centrifuge tube containing 
3 to 6 mg ‘of dialyzed protein; 75 wmoles of Tris, pH 8.0; 12 
umoles MgCly; and 6 wmoles labeled ATP in a total volume of 
1.5 ml. 

Two assays have been used to measure the incorporation of 
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ATP-C* into an acid insoluble product. The first involves the 
anion exchange chromatography of an alkaline hydrolysate of 
the material precipitated from the reaction mixture with acid. 
This was used in the early experiments to establish unequivocally 
the conversion of a 5’-nucleotide to 2’- and 3’-nucleotides. Ithas 
been used throughout in those experiments requiring the isola- 
tion of adenosine or the separation of 2’- and 3’-nucleotides and 
in experiments where P-labeled ATP was the substrate. The 
second, more rapid assay, measured directly the C' present in an 
acid hydrolysate of the acid-insoluble material. This simplifica- 
tion was possible since in contrast to extracts of Ehrlich ascites 
cells, the terminal addition of ATP to RNA was minimal in 
thymus nuclear extracts. In both methods precipitation and 
washing of the acid-insoluble material was carried out at 0°. 
Prolonged contact with acid was avoided until washing was 
complete. 

Assay by Alkaline Hydrolysis and Chromatography—3.0 m 
perchloric acid was added to the reaction mixture to a final con- 
centration of 0.4 m and the precipitate washed once with 0.2 m 
perchloric acid and suspended in 2.0 ml of water. It was dis- 
solved by adding 0.10 to 0.20 ml of 1 m KOH and reprecipitated 
again at 0.4 m perchloric acid. After dissolving and reprecipi- 
tating a second time, it was suspended in 2.0 ml of water, neu- 
tralized to pH 7.0, and then made 0.30 m with KOH. After 18 
hours at 37°, proteins were removed by bringing to 0.4 m with 
perchloric acid. The precipitate was washed once with 0.2 m 
perchloric acid, and the combined solutions were adjusted to pH 
7.0 with KOH. KClO, was removed, and the solution was 
chromatographed on one of two types of Dowex 1-formate 
columns. Where required, small ‘quantities of adenosine, 2’- 
AMP and 3’-AMP were added as carriers. 

For a rapid isolation of an adenosine and a combined 2’- and 
3’-AMP fraction, a 10 X 0.5-cm column with reservoir attached 
was eluted manually by washing with 20 ml of water to obtain 
the adenosine, followed by 25 ml of 0.15 m formic acid to remove 
2’- and 3’-CMP. The adenylates were then eluted with 25 ml 
of 1.0m formic acid. To isolate all 4 nucleotides of RNA, as was 
done in the AMP#PP experiments, a 30 X 0.5-cem column was 
used to resolve each nucleotide into its 2’ and 3’ isomers, with the 
exception of the uridylates. After applying the neutralized 
hydrolysate to the column, it was washed with water to remove 
any nucleosides. 2’-CMP and 3’-CMP was removed by 0.04 m 
formic acid; 0.15 m formic acid removed 2’-AMP and 3’-AMP. 
Formic acid (4.0 mM) passed through 500 ml of water removed 
2’-GMP, 3’-GMP, and a mixture of 2’- and 3’-UMP successively. 
The fractions containing each nucleotide were pooled and dried 
in a flash evaporator. Each was taken up in a measured volume 
of water. One aliquot was evaporated on an aluminum dish for 
radioactivity determination, and a second was diluted in 0.01 
mM HCl for a spectrophotometric measurement of concentration. 

Assay by Acid Hydrolysis without Chromatography=—The isola- 
tion and washing of the acid-insoluble precipitate obtained from 
the reaction mixture were carried out as described in the previous 
section with the exception that the precipitation and washings 
were done in 5% trichloroacetic acid. Also, to dilute any con- 
taminating radioactivity present as nucleoside 5’-phosphates, 
each reprecipitation of the acid-insoluble material was carried 
out in the presence of 1 umole each of unlabeled AMP, ADP, 
and ATP. The acid-washed precipitate was drained by inverting 
the centrifuge tube over absorbent paper. The tube was covered 
and heated at 100° for 30 minutes after the addition of 1.5 ml] 
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of 1.0m HCl. After centrifugation, an aliquot of the acid solu- 
tion was dried on a tantalum dish for radioactivity determina- 
tions. The two assay methods described here agreed with one 
another within 10%. 

Definition of Enzyme Unit—One unit of enzyme is that amount 
which will incorporate 1 mumole of ATP into polynucleotide in 
1 hour. 

Protein Determinations—Proteins were assayed by the method 
of Lowry et al. (22). 

Radioactivity Determinations—Infinitesimally thin samples 
containing C or P® were counted in a windowless flow counter. 


Hydrolysis of RNA by Snake Venom Diesterase 


Snake venom diesterase was used to obtain 5’-mononucleotides 
from RNA. In the experiment reported in this paper (Table IT), 
an available RNase digest was utilized for the diesterase reac- 
tion, although such preliminary treatment with RNase is nor- 
mally neither required nor desirable. Eight milligrams of snake 
venom diesterase (free of 5’-mononucleotidase) and 120 ymoles 
of MgCl, were added to the RNase hydrolysate obtained from 2 
mg of RNA prepared by hot NaCl extraction (21). The pH was 
adjusted to 8.0 with 0.10 m NaOH and was maintained for 5 
hours. Labeled 5’-AMP was recovered by chromatography of 
the reaction mixture on a Dowex 1-formate column. 


RESULTS 


Purification of Enzyme 


Assays carried out with homogenates of Ehrlich ascites cells 
and calf thymus indicated a localization of the enzyme in the 
nuclear fraction. Accordingly, large quantities of nuclei were 
prepared from fresh calf thymus by a simplification of the method 
of Allfrey et al. (23). All operations used in the preparation of 
nuclei and in the subsequent purification of the enzyme were 
carried out at 2°. 

Preparation of Nuclei—Fresh thymus (1280 g) free of fat and 
membranes were divided into 80-g batches. Each batch was 
minced with a pair of scissors and transferred to a quart Mason 
jar containing 80 ml of 0.5 m sucrose and 720 ml of 0.25 m sucrose 
containing 0.0033 m CaCle. After homogenization for 44 min- 
utes in a Servall Omnimix at 35 volts, the homogenate was 
filtered through a double layer of cheesecloth, refiltered through 
a single layer of double-napped cotton flannelette, and trans- 
ferred to a 1-liter polyethylene bottle. When four such bottles 
were filled they were centrifuged for 10 minutes at 900 x g. 
The liquid was discarded and fresh homogenate was added to 
the packed nuclei. The process was repeated until the entire 
batch of nuclei was layered in the 4 bottles. Each bottle of 
nuclei was washed once with 400 ml of the sucrose-CaCl. solution. 
The nuclei were then combined, transferred to two 250-ml poly- 
ethylene bottles and centrifuged at 8000 x g for 10 min. The 
packed nuclei (200 to 300 g) were stored indefinitely at —15°. 

Nuclear Extract (Fraction 1)—Frozen nuclei (300 g) were 
thawed and homogenized in the Omnimix for 1} minutes in 4 
volumes of 0.14 mM NaCl. The homogenate was converted to a 
jellied mass by slowly raising the pH to 9.5 with 1 m KOH. 
After standing 15 minutes, the pH was lowered to 7.0 by the 
cautious addition of 1.0 m HCl whereupon the jellied material 
formed a network of rubbery strands. A clarified extract was 
obtained by centrifuging this mixture at 8000 x g for 10 min. 

Precipitation of Proteins at pH 5.0 (Fraction 2)—The extract 
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(1200 ml) was brought to pH 5.0 with 1 m acetic acid. After 
standing 5 min, the precipitate was removed by centrifugation 
for 5 minutes at 8000 x g. The precipitate was dissolved by 
homogenizing in a small volume of water and then diluting to 
300 ml with the addition of Tris buffer to 0.05 m and pH 8.2. 
The solution tended to be strongly opalescent at this stage and 
to remain so throughout purification. However, this opalescence 
could be markedly reduced without altering the enzyme activity 
if the homogenization described was done in 1% Tween 80. 
Ammonium Sulfate Fractionation at pH 8.2 (Fraction 3)— 
Three hundred milliliters of Fraction 2 were brought to 0.30 
saturation by the addition of 48 g of solid ammonium sulfate. 
After stirring for 15 minutes a heavy precipitate was removed by 
centrifugation for 10 minutes at 8000 x g. It was discarded, 
and the solution was raised to 0.50 saturation by the addition of 
37 g of ammonium sulfate. The precipitate collected after cen- 
trifuging at 8000 x g for 10 minutes was dissolved in 50 ml of 
water and dialyzed 16 hours against running distilled water. 
Ammonium Sulfate Fractionation at pH 6.8 (Fraction 4)—The 
dialyzed solution (Fraction 3) was adjusted to 0.05 m, pH 6.8 
with potassium phosphate buffer. Solid ammonium sulfate was 
added to 0.30 saturation. After centrifugation at 8000 x g, the 
supernatant solution was brought to 0.40 saturation with am- 
monium sulfate. The precipitate recovered after centrifugation 
was taken up in 30 ml of water and was dialyzed 2 or 3 hours 
against distilled water to remove ammonium sulfate. 
Ammonium Sulfate Fractionation at pH 6.0 (Fraction 5)—The 
dialyzed proteins were made 0.05 m, pH 6.0 with potassium phos- 
phate buffer. Solid ammonium sulfate was added to 0.27 satu- 
ration. After centrifuging, a small precipitate was discarded. 
The solution was raised to 0.32 saturation with ammonium sul- 
fate. After centrifugation, the precipitate was dissolved in 5 ml 
of water and dialyzed 16 hours against distilled water. The 
dialyzed solution (volume, approximately 10 ml) usually con- 
tained 10 to 12 mg of protein per ml. It could be stored for at 
least 4 weeks at 0° without appreciable loss of activity. 
Table I summarizes the purification achieved. A 100-fold in- 
crease in specific activity has been obtained with no apparent 
loss of activity. 


Incorporation of ATP into Polynucleotide 


That ATP functioned as a precursor of a polynucleotide linked 
by phosphodiester bonds was established by hydrolyzing the iso- 
lated polynucleotide with both alkali and snake venom diesterase. 
As can be seen in Table II, comparable amounts of C'4 were 
recovered in the hydrolysis products characteristic of each 


TABLE I 


Purification of enzyme 





Fraction |Total enzyme 
no. | 








Description | ain Protein 
| 
| units/mg 
1 | Initial extract | 2330 | 0.51 
2 pH 5 precipitation | 2400 | 1.21 
3 Ammonium sulfate, pH 8.2 | 
0.30 to 0.50 saturation | 2460 | 4.6 
4 | Ammonium sulfate, pH 6.8 | } 
0.3 to 0.4 saturation | 2880 | 16.0 
5 Ammonium sulfate, pH 6.0 
| 2400 | 49.5 


0.27 to 0.32 saturation 
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method. The distribution of C™ in 2’-AMP and 3’-AMP did 
not differ significantly from that expected for alkaline cleavage 
of a native RNA (24). 

The location of the incorporated AMP within the polynucleo- 
tide chain was investigated by examining the distribution of C4 
in the adenosine (terminal position) and in the 2’- and 3’-AMP 
(internal positions). The low recovery of C4 in the nucleoside 
fraction relative to that in the nucleotides, as summarized in 
Table III, was of particular interest as it was the reverse of the 
labeling patterns obtained by those who have measured the in- 
corporation of ATP and CTP into soluble RNA (7, 8, 10-13). 
The data in the second column of Table IIT show that a 20-fold 
purification of the enzyme resulted in an even smaller percentage 
of Cin the adenosine fraction. 


Evidence for ATP as Substrate for Reaction 


ADP could not replace ATP as a substrate for the reaction 
(Table IV). Addition of creatine phosphate and creatine kinase 
to a test vessel containing ADP completely restored the activity 
by converting ADP to ATP. AMP was not utilized by these 
preparations. 


Enzymatic Characteristics of Reaction 


Dependence upon Time and Enzyme Concentration—The 
amount of ATP incorporated under standard test conditions was 
found to be directly proportional to protein concentration up to 
10 enzyme units per test. Incorporation was also found to be a 
linear function of time up to 45 minutes after which it decreased 
slowly. Even in the most purified preparations, there was no 
detectable lag period. 

ATP Requirement—As shown in Fig. 1, maximum incorpora- 
tion was observed only if the ATP concentration exceeded 0.003 
mM. Similar results were obtained with crude and purified en- 
zyme. 

Mg** Requirement—Optimal ATP incorporation was attained 
when the molar ratio of Mg++ to ATP was 2.0. When this ratio 
exceeded 3.0 or was less than 1.5, ATP incorporation fell (Fig. 
2). The concentration at which excess Mg** inhibited the reac- 
tion varied somewhat in different preparations. 


Incorporation of Other Nucleoside Triphosphates 


The extent to which nucleoside triphosphates other than ATP 
can be incorporated into polynucleotide is summarized for sev- 
eral thymus nuclear preparations in Table V. Even the crude 
extract showed a marked specificity for ATP. CTP was in- 
corporated at about 75 the level of ATP in each preparation in 
which they were compared. No UTP or GTP uptake could be 
detected when compared at specific activities comparable to those 
of ATP. 


Inhibition of ATP Utilization by Nucleoside Triphosphates 


When other nucleoside triphosphates were added to the reac- 
tion mixture (0.5 umoles UTP, CTP, or GTP per umole ATP- 
8-C'4), the ATP uptake was reduced. The observed percentage 
inhibitions were GTP, 63; CTP, 44; UTP, 28. With all three 
combined, the inhibition was 86% which was the expected value 
if all three were acting independently. The nature of this in- 
hibition has not been studied in detail except to rule out indirect 
action due to effects on the Mg++ concentration. 
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TaBLeE II 

Incorporation of ATP into polynucleotide 
Enzyme (50 mg, Fraction 5) was incubated with 100 umoles 
ATP-8-C™ (90,000 c.p.m. per umole) and 200 umoles MgCl: in 
25 ml of 0.05 m Tris buffer, pH 8.0 for 30 minutes at 37°. Poly- 
nucleotide was extracted with hot 10% NaCl and precipitated 
with ethanol. The recovery of radioactivity in RNA isolated by 
this procedure is much lower than that recovered from an alka- 
line hydrolysate of the entire acid-insoluble fraction. The counts 
per minute shown in each column correspond to half of the total 
incubation mixture. The diesterase hydrolysis was carried out 

on an RNase digest (see ‘‘Materials and Methods’’). 

















Hydrolysis product | Alkaline hydrolysate | Diesterase hydrolysate 
| c.p.m. c.p.m. 
2’-AMP } 1870 
3’-AMP 2400 
5’-AMP 4380 
Total C" incorporated 4270 4380 
TaBLeE III 


Incorporation of AMP into interior of polynucleotide chain 

Fractions 2 (8.4 mg of protein) and 5 (3.8 mg of protein) were 
each incubated for 30 minutes in the standard enzyme assay (see 
‘Materials and Methods’’) with 6 wmoles of ATP-8-C!* which 
contained 74,000 c.p.m. per wmole in the former case and 92,000 
c.p.m. per yzmole in the latter. 





Crude enzyme 


Purified enzyme 
(Fraction 2) i 


Alkaline hydrolysis product (Fraction 5) 





c.p.m. incorporated per 10 mg protein 











Adenosine 90 194 
2’-AMP 200 3900 
3’-AMP 220 4500 
Percentage of C™ as | 17 4.4 
adenosine 
TABLE IV 


Requirement for nucleoside triphosphate 
Each vessel contained 1.0 umole adenine nucleotide and 20 
umoles MgCl, in 1.5 ml 0.05 m Tris, pH 7.8. Creatine phosphate 
(10 umoles) and creatine kinase (40 ug) were present where indi- 
cated. Specific activities of both ADP and ATP were 100,000 
¢.p.m. per umole. 








Substrate C incorporated 
_ c.p.m. 
ATP-8-C'¥% 1150 
ADP-8-C'% 64 
ADP-8-C"™ + creatine kinase + creatine PO, 1100 








Inhibition of ATP Utilization by Inorganic Pyrophosphate 


If polynucleotide formation from ATP involves elimination of 
pyrophosphate, one might expect inhibition by pyrophosphate. 
That such an inhibition was indeed observed is shown in Table 
VI. The experiment was designed to eliminate secondary effects 
on the Mg** concentration. At pH 7.5, pyrophosphate exists 
as Na;HP.O; so that 6 wmoles should bind no more than 9 
umoles of Mg** which, as the data shows, is sufficient for maxi- 
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Fig. 1. ATP incorporation into polynucleotide as a function of 








ATP concentration. 


Enzyme (2.4 mg, Fraction 5) incubated in 
standard assay. 


Mg** per ATP maintained at 2.0. 
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Fic. 2. ATP incorporation into polynucleotide as a function of 
Mg** concentration. Enzyme (2.4 mg, Fraction 5) incubated in 
standard assay. ATP maintained at 0.004 m while Mg*+ varied 
to give ratios plotted on abscissa. 








TABLE V 
Incorporation of nucleoside triphosphates into polynucleotides 
Each enzyme fraction was incubated in the standard enzyme 
assay (see ‘‘Materials and Methods’’) with 6 umoles of the nucleo- 
side triphosphate shown in the column heads. Each triphosphate 
had a C" specific activity of 100,000 c.p.m. per umole. 














ee ATP CTP | UTP | GTP 
=<, mumoles per hr per mg of protein 
1 0.5 0.05 0 
2 2.7 0.38 0 0 
3 6.5 0.75 
5 25.8 3.32 0 
mal enzyme activity in the absence of pyrophosphate. This level 


of pyrophosphate reduced ATP uptake more than 50% while 10 
umoles produced almost complete inhibition. Inorganic phos- 
phate at this level had no inhibitory action whatsoever. 
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TaBLe VI 
Pyrophosphate inhibition of ATP incorporation 

Each vessel containing 3.5 mg of protein (Fraction 5) was in- 
cubated in the standard enzyme assay (see ‘‘Materials and Meth- 
ods’’) with the additions designated above and with pH 7.5 Tris 
buffer replacing the pH 8.0 Tris buffer routinely used. In the 
experiment in the last row orthophosphate was used instead of 
pyrophosphate. 




















Additions 
—LSS ATP incorporated 
ATP-8-Ci4 Mg** PP; 
pos por ci Ges pumoles mr pmoles mumoles 
6 18 0 69 
6 9 0 72 
6 18 6 32 
6 18 10 + 
6 18 10 (Pi) 85 








Exchange of Pyrophosphate with ATP 


Additional evidence favoring the formulation of the over-all 
reaction as a cleaving out of pyrophosphate was obtained from 
exchange data with P-labeled pyrophosphate and unlabeled 
ATP (Table VII). These data are suggestive but do not con- 
stitute proof for a pyrophosphorolysis since the rate of exchange 
has not been shown to be influenced by polynucleotide concen- 
tration. Added polyadenylic acid was without effect. The rate 
of the exchange reaction observed was about one-half that of 
ATP incorporation into polynucleotide. 


Nature of Internucleotide Linkage Formed by ATP 


AMP#PP Incorporation with Crude Extract—Another striking 
difference between the thymus nuclear preparations and those 
cytoplasmic extracts which add ATP to soluble RNA is seen in 
the labeling patterns of the polynucleotides isolated after incuba- 
tion with AMP#PP as shown in Table VIII. Enzymes of solu- 
ble cytoplasmic fractions of Ehrlich ascites cells (11) and of liver 
(8) show an almost complete specificity for the attachment of 
ATP to terminal cytidine nucleotides of soluble RNA. The 
nature of this reaction has been examined in detail by Hecht et 
al. (11). Crude thymus nuclear preparations, however, showed 
no such specificity. Since P®* incorporated with an AMP moiety 
is released upon alkaline hydrolysis with the adjacent nucleotide 
in the chain, it is evident that in the crude extract ATP attached 
with similar probabilities to AMP, CMP, or GMP units. 

AMP® Incorporation with Purified Enzyme—In contrast to the 
findings with the crude extract, when AMP#PP was incubated 
with the purified enzyme AMP units tended to bind only to other 
AMP units. The data in Table IX show that only about 1% 
of the AMP became linked to other nucleotides. These data 
provide the most convincing evidence for the synthesis of a poly- 
adenylic acid chain. 

The low P® content of nucleotides other than AMP made it 
possible to determine the extent to which this enzyme would 
incorporate nucleoside triphosphates other than ATP into posi- 
tions adjacent to AMP units. Table IX compares the incorpora- 
tion of AMP#PP alone and with noninhibitory levels of CTP, 
UTP and GTP. Since the availability of these nucleoside tri- 
phosphates did not influence the P® distribution, one can con- 
clude that they were not randomly incorporated with ATP. 
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Relation of Endogenous RNA to Polynucleotide Synthesis 


The data presented suggest that the enzyme preparation cata- 
lyzed formation of a polyadenylic acid. The possibility exists 
that the newly formed polyadenylate was built up on the ends of 
endogenous RNA molecules. The fact that 1% of the incor- 
porated ATP was attached to other nucleotides (largely CMP) 
suggests that this might be the case. However, this could also 
represent a small amount of terminal addition of ATP to RNA 
carried out by a second enzyme. 

Attempts to demonstrate RNA involvement by removal of 
endogenous RNA or addition of exogenous RNA have not been 
successful. The use of a variety of purification methods to lower 
the high endogenous RNA content of the enzyme has been with- 
out effect. As previously pointed out the best preparations 
show no time lag in ATP incorporation. 

We have incubated the enzyme with pancreatic RNase in an 
effort to destroy endogenous RNA. It was found that as much 
as 100 ug of crystalline RNase present during the incubation 
had, as a rule, little effect either upon ATP incorporation or upon 
the level of endogenous RNA. In only one experiment did pre- 
incubation with RNase lower somewhat both the RNA level 
and the subsequent incorporation of ATP. 

Thymus nuclear RNA was prepared from the crude enzyme 
(Fraction 2) by the aqueous phenol method. When added to an 
incubation mixture it inhibited ATP incorporation. 

Evidence that the endogenous RNA was heterogeneous and 
that only a part of it at most could have been directly involved 
in ATP incorporation was obtained when polynucleotides were 
isolated after incubation with AMP®#PP. In the experiment 
summarized in Table X, the 2’ + 3’ nucleotides were isolated 
from the acid insoluble fraction of one aliquot and from the RNA 
prepared from a second aliquot by the phenol method of Kirby 
(20). It is evident that RNA isolated by the phenol method 
represented approximately 50% of the total RNA but contained 
only 5% of the incorporated ATP. Similar results were ob- 
tained with C4 as the tracer. When an experiment was carried 
out in which 2’- and 3’-AMP were isolated from the insoluble 
residue left after phenol treatment, the following results were 
obtained: (a) total acid-insoluble material, 39,900 c.p.m. in aden- 
osine phosphate; (b) RNA obtained after phenol treatment, 9,000 
c.p.m.; (c) insoluble residue left at water-phenol interface, 21,000 
c.p.m. These results indicate that the newly synthesized poly- 
nucleotide is tightly bound to protein in a manner not easily 
dissociated by denaturation with phenol. 


Evidence for Particulate Bound Enzyme 


Although the problem has not been systematically investi- 
gated, there is evidence that at least part of the enzyme tends to 
exist in particulate form in these preparations. This was indi- 
cated by a strong opalescence of the purified enzyme, its firm 
binding to RNA, and by the tendency for the activity to precipi- 
tate after freezing and thawing. This interpretation is supported 
by the observation that 75% of the enzyme activity sedimented 
in a clear pellet after 2 hours at 100,090 x g. The optically 
clear supernatant fluid contained the remaining activity. The 
insensitivity of most preparations to RNase might also be as- 
cribed to the formation of a ribonucleoprotein particle in which 
the RNA is inaccessible to RNase. The tendency for different 
preparations to vary in such properties as sedimentability and 
sensitivity to RNase suggests that the particle may be formed 
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TaB.e VII 
Exchange of pyrophosphate with ATP 

Each vessel contained 4.0 mg enzyme and 12 wmoles MgCl; in 
1.5 ml Tris, pH 7.5. Quantities of other reactants were 4 umoles 
ADP or ATP, 6 umoles of PP; or P; (1 X 10° c.p.m. per umole P), 
and 0.4 mg polyadenylic acid (Poly A). After incubation for 30 
minutes at 37°, the mixture was made 0.5 m with perchloric acid 
and the nucleotides adsorbed on Norit. The washed charcoal 
suspension was plated and counted (19). 














Additions Adsorbed on | pp, exchanged iinietpeeats 
c.p.m. mymoles myumoles 
PP; 4,000 
PP; + ATP | 26 ,000 12 29 
PP; + ATP + Poly A | 28,000 14 
P; 660 
P; + ADP | 2,900 1.3 





TaBLeE VIII 
Internucleotide bonds formed by ATP 


The experiment with thymus extract was carried out as follows: 
29 mg of protein (Fraction 2); 2.5 wymoles of AMP®#PP (1.6 x 106 
c.p.m. per pmole); 30 wmoles creatine phosphate; 100 ug creatine 
kinase; 80 ymoles MgCl:; and 200 umoles Tris pH 7.6 in a total 
volume of 4.1 ml were incubated 35 minutes at 37°. The alkaline 
hydrolysate obtained from the acid-insoluble material was 
chromatographed on the Dowex 1-formate column described 
previously (see “Materials and Methods’’). 





| Crude thymus nuclear 
extract 


Liver cytoplasmic 


Nucleotides isoated from 
RNA extract* 








% distribution of incorporated P% 


+ 3’-CMP 36 





2 | 90-95 
2’ + 3’-AMP 42 1 
2’ + 3’-GMP 20 | 1 
3 


+ 3’-UMP 2 | 1 





* Data taken from Canellakis (8) for comparative purposes. 


TABLE IX 
Internucleotide bonds formed by AMP#PP 


Each 3.2 ml reaction volume contained 6 pmoles AMP®PP 
(400,000 c.p.m. per umole), 16 wmoles MgCle, 14.6 mg enzyme 
(Fraction 5), and 170 wmoles Tris, pH 8.0. In Experiment 2, 0.5 
umole portions of CTP, UTP, and GTP were added. After incu- 
bation for 30 minutes at 37° the acid-insoluble fraction was hydro- 
lyzed with alkali and the nucleotides isolated by chromatography 
on Dowex 1-formate (see ‘‘Materials and Methods’’). 





Experiment 2 
AMP#PP CTP, UTP, 
and GTP 


Nucleotides isolated from Experiment 1 
RNA AMP#PP 





c.p.m. perpmole , 


2’ + 3'-CMP 518 530 
2'-AMP 17,900 18,900 
3’-AMP | 16,800 20,000 
2’ + 3’-GMP | 47 

24 33 


2’ + 3’-UMP 





during extraction or purification of the enzyme and is not neces- 
sarily a cellular entity. This situation was recently encountered 
by Nygaard (25) who observed the formation of ribonuclear 
protein particles in an apparently haphazard manner during the 
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TABLE X 


Separation of newly synthesized polynucleotide from 
endogenous RNA 

A 10-ml reaction volume was incubated with the following: 57 
mg protein (Fraction 5); 37 umoles AMP#PP (9 X 105 c.p.m. per 
umole); 80 umoles MgCl2; 500 umoles Tris pH 7.6. After 30 min- 
utes at 37° a small aliquot was precipitated with perchloric acid. 
The 2’ ,3’-nucleotides obtained from the precipitate after alkaline 
hydrolysis were isolated by procedures already described. An 
equal volume of 88% phenol was added to the remainder of the 
reaction mixture. RNA was isolated (see ‘‘Materials and Meth- 
ods’’) and degraded with alkali as above. The RNA content of 
the acid-insoluble fraction was calculated as the sum of the 4 
nucleotides isolated from the alkaline hydrolysate. 





Taslated uactesdes Total acid-insoluble| RNA prepared by 








fraction phenol method 
c.p.m. per wmole 
2’ + 3’-CMP 1,170 200 
2’ + 3’-AMP 127,000 17,600 
2’ + 3’-GMP 290 510 
2’ + 3’-UMP 190 390 
mg RNA/mg protein 0.147 0.072 
mymoles ATP incorporated/hr/ 29 1.3 
mg protein 











extraction and purification of a group of dehydrogenases from 
bakers’ yeast. 


DISCUSSION 


An enzyme which synthesizes a polyadenylic acid chain from 
ATP has been purified 100-fold from extracts of thymus nuclei. 
Neither ADP nor AMP can replace ATP in this reaction. The 
important question of whether the synthesis involves the addi- 
tion of ATP to an endogenous polynucleotide has not been an- 
swered, but in view of the primer requirements for other poly- 
nucleotide synthesizing enzymes (3, 26, 27) it would seem likely. 
The tendency of the enzyme to form ribonucleoprotein particles 
could account for inhibition upon the addition of an RNA other 
than the specific one required for reaction. Further progress in 
clarifying the primer question will depend upon development of 
methods for removing endogenous RNA from the enzyme and 
for isolating “‘native’”’ RNA’s to be added back to the system. 

Fractionation of the total polynucleotide into an RNA of low 
specific radioactivity in the aqueous phase and one of much higher 
specific radioactivity in the phenol layer indicates that a large 
fraction of the RNA of the extract was probably not involved 
in the ATP polymerization reaction. 

The demonstration of a marked heterogeneity of RNA with 
respect to ATP incorporation parallels similar findings reported 
in cellular systems. An almost identical heterogeneity has been 
noted by Sibitani et al. (28) for two RNA fractions, also obtained 
by the aqueous phenol method, from lymphatic cells of rabbit 
appendix after incubation with inorganic phosphate labeled with 
Pp, Again the RNA of highest specific activity was not ex- 
tracted into the aqueous layer, but remained with the protein in 
the phenol layer. Logan and Davidson (29) had originally sep- 
arated by differential salt extraction two metabolically distinct 
RNA’s from thymus nuclei of rabbits injected with P®. Logan 
subsequently reported a marked heterogeneity in these same two 
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RNA fractions when calf thymus nuclei were incubated with 
adenine-8-C"4 in vitro (30). 

The limited ability of even the crude thymus extracts to uti- 
lize nucleoside triphosphates of bases other than adenine re- 
mains puzzling in view of the demonstrated ability of isolated 
thymus nuclei to incorporate such distal precursors as orotic acid 
and glycine into RNA (23). A loss of the enzyme specific for 
the utilization of other nucleotides or of specifically required 
primers could have resulted from the drastic shifts in pH used in 
preparing the extracts. The existence of separate enzymes for 
each nucleotide is suggested by this selective utilization of ATP 
for polynucleotide synthesis. This possibility of separate en- 
zymes for each nucleotide is also suggested by recent experiments 
of Hurwitz et al. (13) who have prepared thymus extracts which 
incorporate CTP into RNA but not ATP or GTP. UTP in- 
corporation was separated from that of CTP in the course of 
purification. However, the predominance of terminal addition 
and the complete dependence of CTP incorporation upon the 
presence of an added RNA fraction distinguishes this reaction 
from the ATP incorporating activity reported here. Further 
work will be required to establish with certainty the existence of 
individual enzymes for individual nucleotides and their role in 
the biosynthesis of RNA. 

The inhibitory effects of UTP, CTP, and GTP on ATP utiliza- 
tion were observed repeatedly. The possibility of competitive 
binding at the active site of the enzyme without subsequent 
polymerization is being investigated. 

An important feature of this enzyme preparation concerns the 
relationship of CTP and ATP as precursors. CTP was utilized 
at 10% of the ATP rate at all stages of purification, suggesting a 
single enzyme for both reactions. Yet the P® experiments indi- 
cated that not more than 1% of the AMP units were bound to 
CMP and that this CMP probably was not derived from CTP 
inthe medium. These results preclude the possibility that AMP 
and CMP units are randomly joined in a common polymer 
chain. Several possibilities exist: (a2) CMP chains and AMP 
chains are synthesized independently either by the same or dif- 
ferent enzymes; (b) a copolymer can be formed in which blocks 
of 100 AMP’s alternate with blocks of 10 CMP’s. Studies to 
cast further light on these and other possibilities are in progress. 

The data presented here allow approximations to be made con- 
cerning the minimum size of the polynucleotide formed. From 
the ratio of C™ as adenosine to C™ as 2’ and 3’-AMP, one can 
conclude there are at least 25 AMP units for each adenosine end 
group. Since some of the adenosine ends may be on other poly- 
nucleotides, this figure is minimal. The P® data suggest that 
approximately 100 AMP’s are bound to one another for each 
one that is bound to CMP. Thus one can conclude that the 
newly synthesized polynucleotide has a minimum average chain 
length of between 25 and 100 nucleotide units. 

Provisional formulation of the reaction as a cleaving out of 
pyrophosphate would seem reasonable in view of the pyrophos- 
phate inhibition of the ATP utilization and the ability of the 
preparations to catalyze an ATP:PP; exchange. Further work 
on the nature of the product, the ATP acceptor, and the overall 
stoichiometry is obviously required. Our present work has led 
to the discovery of an enzymatic reaction in nuclei which in- 
corporates the AMP of ATP almost exclusively into nonterminal 
positions of polynucleotide, a reaction distinctly different from 
others recently implicated in the synthesis of RNA (1, 2, 11, 18). 
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Although the significance of this reaction in the synthesis of RNA 
in mammalian cells has not been clearly established, the simi- 
larity between our findings on incorporation heterogeneity and 
those obtained “in vivo” (28-30) suggests an active role for the 
enzyme in nuclear polynucleotide metabolism. 


SUMMARY 


An enzyme which can synthesize a polyadenylic acid chain 
from adenosine triphosphate (ATP) has been purified 100-fold 
from extracts of thymus nuclei. Cytosine triphosphate was uti- 
lized about 75 as well as ATP, but guanosine triphosphate and 
uridine triphosphate were not utilized even by crude preparations 
of the enzyme. No primer requirement has been established for 
the reaction. After incubation with labeled ATP, the ribonucleic 
acid of the extract was separated with aqueous phenol into a 
major fraction of low specific radioactivity and a smaller one of 
high specific radioactivity, suggesting that much of the endoge- 
nous ribonucleic acid was not involved in the ATP incorporation 
reaction. Some basic properties of the enzyme catalyzing this 
polynucleotide synthesis are described. 


Acknowledgments—The authors are indebted to Mrs. Eva Em- 
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Deoxyribonucleotides carrying a monoesterified phosphate on 
carbon 5’ (chains of the type pXpYpZ)! are rapidly hydrolyzed 
by phosphodiesterase from snake venom (3-6). Removal of the 
terminal phosphate by prostatic phosphatase decreases the rate 
of hydrolysis (chains of the type XpYpZ) to about } to + of the 
previous rate. Oligonucleotides which carry a monoesterified 
phosphate on carbon 3’ (chains of the type XpYpZp) are much 
more resistant to the action of venom phosphodiesterase and 
require more than a thousand-fold concentration of enzyme to 
approach similar rates of hydrolysis (7). 

The exonuclease (3, 4, 8) activity of venom phosphodiesterase 
is now well established (5, 6). However, contrary to the original 
proposal, the chains carrying monoesterified phosphate in posi- 
tion 5’ (5, 6, 9) and chains deprived of the monoesterified phos- 
phate (5, 6, 10) are degraded by a consecutive cleaving of mono- 
nucleotides from that end of the chain which carries a free 
hydroxyl group on carbon 3’. Thus, pXpYpZ — pZ + pXpY; 
pXpY — pY + pX. 

Chains carrying monoesterified phosphate in position 3’ have 
been little investigated (4), and it appeared desirable to extend 
these studies. The present paper describes experiments in which 
the action of purified venom phosphodiesterase was studied on 
fragments of deoxyribonucleic acid obtained by digestion with 
splenic deoxyribonuclease IT. 


EXPERIMENTAL AND DISCUSSION 


Phosphodiesterase—None of the previously described methods 
of preparation of phosphodiesterase (11-17) appeared to be en- 
tirely satisfactory, particularly with respect to small but persist- 
ent contamination of 5’-nucleotidase. In order to minimize this 
contamination, phosphodiesterase was prepared by a method 
incorporating steps from Koerner and Sinsheimer (17), Boman 
and Kaletta (15), and from this laboratory (4, 8, 13). The 
method was found to be reproducible with eight preparations 
originating from two different batches of Bothrops atrox venom.? 


* Supported by the Grant No. AT(11-1)293 from the Atomic 
Energy Commission and the Grant No. E 57A from the American 
Cancer Society. A preliminary report has been published (1, 2). 

t Present address, Laboratoire de Chimie Biologique de la 
Faculté des Sciences de Paris, France. 

¢t Present address, Institute of Pathology, Western Reserve 
University School of Medicine, Cleveland 6, Ohio. 

1 The abbreviations of the derivatives of nucleic acids are those 
used by The Journal of Biological Chemistry. However, when 
dealing with fragments of unknown composition, nucleosides are 
represented by capital letters X, Y, Z, and symbols Py for pyrimi- 
dine nucleoside, Pu for purine nucleoside. 

2 We are greatly indebted to Dr. K. H. Slotta who facilitated 
contacts with suppliers of this venom in Brazil. 


Essentially identical results were obtained with one preparation 
from venom of Crotalus adamanteus.5 

Acetone Fractionation—Step 1 was that of Koerner and Sin- 
sheimer (17), starting with 2 g of dried venom. The distribution 
of activities of phosphodiesterase and 5’-nucleotidase is shown 
in Table I. The step is not economical with respect to phos- 
phodiesterase recovery, because about 40% is destroyed during 
this treatment, and only 28% is recovered in the main fraction; 
it is however, efficient in removing contaminating 5’-nucleotidase. 

Ethanol Fractionation—Step 2. From three to five prepara- 
tions of Step 1 were combined. The solution of phosphodiester- 
ase was adjusted to attain 0.1 m concentration of acetate buffer, 
pH 6.0, and protein concentration H2 = 10. The solution was 
cooled in an ice bath and 4 volume of 95% ethanol (counted as 
100%) was added to attain 33% concentration. The mixture 
was left at 0° for an hour and was centrifuged at 0°. The 
precipitate was discarded. The supernatant liquid was treated 
with an additional 14 volume of ethanol (to attain 66% concen- 
tration) and the mixture was left in a deep freeze (—18°) for an 
hour. It was centrifuged at —15°. The precipitate was dis- 
solved in a small amount of 0.05 m acetate, pH 6.0. The yield 
in this step was over 95%, and the potency was increased about 
2.5-fold. 

Chromatography on Carboxymethyl Cellulose (19)—Step 3 (13). 
The solution of enzyme from Step 2 was dialyzed against 0.05 m 
acetate, pH 6.0, and was placed on a column of carboxymethyl 
cellulose, 2 X 18 cm, previously adjusted to the same buffer. 
The first peak contained almost half of the protein and little 
phosphodiesterase (Fig. 1). The buffer was then changed to 
0.2 m, pH 6.0. Peak 2 contained most of the phosphodiesterase, 
and traces of 5’-nucleotidase, the peak of which was only slightly 
displaced from the peak of phosphodiesterase. The rest of the 
protein was removed with 0.5 m acetate, pH 6.0. The purifica- 
tion is about 12-fold, the yield about 50 to 60%. 

Chromatography on Diethylaminoethyl Cellulose (19)—Step 4 
(15). The lyophilized material (Peak 2) from Step 3 was dis- 
solved in 5 ml of 0.01 m tris(hydroxymethyl)aminomethane 
buffer, pH 9.0, and dialyzed against the same buffer. The solu- 
tion was placed on a diethylaminoethy] cellulose column, 1 x 18 
cm, previously adjusted to the same buffer. The results are 
shown in Fig. 2. Phosphodiesterase appeared in the first and 
second peaks, whereas the remaining traces of 5’-nucleotidase 


appeared in the third peak, eluted with 0.2 m buffer. The re- 
covery of 5’-nucleotidase was almost quantitative. The tubes 
of the first peak were kept frozen in the deep freeze. Activity 


3 Purchased from Ross Allen, Silver Springs, Florida. 
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TaBLe I 
Step 1 of purification of phosphodiesterase (17) 




















Phosphodiesterase* 5’-Nucleotidaset 
Solution nt 
Total 
1 Po- . Total | we 
.-¥ tency Yield activity Potency Yield 
units % units | & 


Crude venom (2 g)...| 403 | 0.18] 100 |2,340,000 | 1060 | 100 
1. Acetone precipi- 

















tate (42%)........ 56 | 0.04| 14 [2,223,000 | 1600 | 95 
2. Acetone precipi- 

tate (46.4%)...... | 70 | 0.07) 17 15,000 15 | 0.6 
3. Acetone precipi- | 

tate (50%)........ | 114 | 0.75) 28 200 2.8 0.01 





*The activity of phosphodiesterase was determined with 
Calbis(p-nitropheny])-phosphate]. as suggested by Sinsheimer 
and Koerner (12), except that Mg** was omitted, and the final 
concentration of Tris buffer was 0.05 mM. Incubation was effected 
in a Beckman DU spectrophotometer at 37°. Activity was ex- 
pressed in AE4oo per minute, and potency as activity per Hos0 of 
the enzyme solution. 

+ 5’-Nucleotidase was determined with 0.005 m AMP as sub- 
strate, in 0.15 m glycine-NaOH buffer, pH 9.0, in presence of 0.01 
mM MgSO,. Incubation 15 minutes at 37°. Inorganic phosphorus 
was determined by the method of Fiske and SubbaRow (18). 
The activity was expressed in units = number of ug of liberated 
P per 15 minutes. Potency was expressed as activity/Hos0 of 
enzyme solution. 


was retained for several months. In the tubes with highest 
activity, the purification was about 2- to 3-fold, throughout the 
whole peak about 1.5-fold, and the yield was about 50%. The 
phosphodiesterase thus prepared had no detectable 5’-nucleoti- 
dase after an overnight incubation with AMP. The results of 
the purification of phosphodiesterase are summarized in Table II. 

Preparation of Substrate—Calf thymus DNA was prepared 
according to Kay et al. (20). It was digested with splenic DNase 
II prepared according to Shimomura and Laskowski (21). The 
digest was chromatographed on a Dowex 1-2X column essentially 
according to Sinsheimer (22) with slight modifications (4). The 
fraction eluted with 1 molar ammonium formate buffer, pH 4.5, 
was collected in partly separated peaks. They were lyophilized, 
kept under vacuum until free from salt, and were used as sub- 
strates. 

Chromatographic Methods—A two-dimensional paper chroma- 
tographic method has been devised for the purpose of separating 
nucleosides, nucleotides, and nucleoside diphosphate. Chroma- 
tography in the first direction was accomplished in the solvent 
suggested by Paladini and Leloir (23) and used by Bergkvist (24). 
The solvent was composed of 75 parts of 95% ethanol, and 30 
parts of 1 M ammonium acetate adjusted to pH 7.5. Chroma- 
tography was carried out on large sheets of Whatman No. 3 
MM paper (57 X 46 cm), and for the first direction the longer 
side of the paper was used. The development in this solvent 
lasted 20 to 22 hours, by which time the front of the solvent 
approached the end of the paper. This solvent separates three 
groups of compounds: nucleosides travel close to the solvent 
front (Rr 0.78 to 0.95), nucleotides move to an intermediate 
position (Rr 0.29 to 0.53), and nucleoside diphosphates move 
very slowly (Rr 0.03 to 0.08). In the second direction one of the 
solvents proposed by Markham and Smith (25) was used. It is 
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Fie. 1. Step 3 of the purification procedure. Elution pattern 
of the chromatography of phosphodiesterase on carboxymethyl 
cellulose. Column 2 X 20 cm, flow rate 3 ml per tube per $ hour, 
temperature 3°. Elution with sodium acetate buffer of indicated 
molarity, pH 6.0. ——, Protein concentration expressed as 
optical density at 280 mu; O——O, potency of phosphodiesterase; 
@—®@, potency of 5’-nucleotidase. 
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Fig. 2. Step 4 of the purification procedure. Elution pattern 
of the chromatography of phosphodiesterase on diethylamino- 
ethyl cellulose. Column 1 X 18 cm, flow rate about 3 ml per tube 
per 4 hour, temperature 3°. Eluting buffer tris(hydroxymethy]l)- 
aminomethane of indicated molarity, the first three concentra- 
tions, pH 8.9, the fourth, pH 7.2. ——, Protein concentration 
expressed as optical density at 280 mu; O——O Potency of phos- 
phodiesterase; @——@ Potency of 5’-nucleotidase. 








TaBLeE II 
Yield and extent of purification of phosphodiesterase 
Fraction Total Esso | ,rotal., | Rotency || Retative | Yield 
fs 
units % 
Crude venom (2 g).} 2205 403 0.18 1 100 
Bien f Sede 152 114 0.75 4.15 | 28 
ONS. Se Soa 66 113 ) ie 9.5 28 
Bee eee 2.8 59 21.0 116.5 15 
ee 0.775 24 31.0 172 6 




















* Phosphodiesterase was determined as described in footnote *, 
Table I. 

t Highest potency of phosphodiesterase observed so far was 42 
units/E oso. 
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Fie. 3. A composite chart of two chromatographic runs in two 
dimensions. In both experiments the first direction, in 95 per 
cent ethanol, 75 parts; 1 M ammonium acetate, pH 7.5, 30 parts; 
16 hours; room temperature (25°); the second direction in satu- 
rated ammonium sulfate, 80 parts; water, 18 parts; isopropanol, 
2 parts, 12 hours. The first experiment (solid line) contained a 
mixture of 4 deoxyribonucleosides, 4 deoxyribonucleotides and 2 
deoxyribonucleoside diphosphates (pCp + pTp). Second experi- 
ment, contained a mixture of 4 deoxyribonucleoside diphosphates. 





Fia. 4. One of the middle peaks of ‘‘1 m fraction’? was lyo- 
philized, dissolved in 0.5 ml of 0.1 m tris(hydroxymethy])amino- 
methane buffer, to which 0.02 ml of 0.8 m MgSO, and 0.2 ml of a 
solution of phosphodiesterase (equivalent to 0.86 unit) were added. 
Incubation at 37°. A sample of 0.3 ml was withdrawn after 10 
minutes, and placed on Whatman No. 3 MM paper. After 1 hour 
a second 0.2 ml of phosphodiesterase was added to the reaction 
mixture. After 6} hours the remaining digestion mixture was 
placed on the paper. The illustration is a composite of 2 chromat- 
ograms, the 10-minute sample is shown in the dotted line, the 6} 
hour sample is shown in the continuous line. After 10 minutes no 
nucleoside diphosphates could be visualized, and a considerable 
part of the material remained close to the origin. After 6} hours 
no such material remained, and 2 nucleoside diphosphates were 
present. 


composed of 2 parts of isopropanol, 18 parts of water, and 80 
parts of saturated solution of ammonium sulfate. The develop- 
ment of the paper in the short direction lasted about 11 to 12 
hours. In this solvent the four components of each group 
separate. Fig. 3 illustrates the results of such separations. The 
results are derived from two experiments. In the first, 4 nucleo- 
sides, 4 nucleotides, and 2 nucleoside diphosphates, d-pCp and 
d-pTp, prepared by the method of Burton and Peterson (26) 
were chromatographed (solid line). In the second experiment 
four nucleoside diphosphates, prepared by the exhaustive diges- 
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tion of 1 m fraction with phosphodiesterase were chromato- 
graphed (dotted line). The reproducibility of the positions of 
d-pTp and d-pCp was excellent in these experiments. 


RESULTS 


The substrate used in these experiments was a mixture of 
oligonucleotides of different composition and variable length of 
chains. It was, however, considered to be homogeneous with 
respect to the termination of the chains. This assumption is 
based on the identification of mono-, di-, and trinucleotides (4, 
17) as being terminated in 3’-phosphate, and represents the 
extension of these findings to longer fragments. Such fragments 
have the general formula X(pY),pZp and on complete hydrolysis 
by phosphodiesterase yield products X + n(pY) + pZp. Both 
terminals of the chain are easily identifiable since one is repre- 
sented by a nucleoside (X), the other by a nucleoside 3’,5’- 
diphosphate (pZp). The quantity of enzyme used was rather 
high, 500- to 1000-fold more than is required for complete diges- 
tion of chains terminated in 5’-phosphate, but was not sufficient 
to accomplish rapid degradation of the rather resistant chains 
terminated in 3’-phosphate. 

The experiment shown in Fig. 4 represents an example in 
which, after withdrawal of an aliquot at the initial stage of 
the reaction, the reaction was carried to completion, and no 
undigested substrate remained. The experiment illustrated in 
Table III is an example in which several consecutive stages 
of the reaction mixture were analyzed, and at the time of termi- 
nation of the experiment a considerable amount (about 25%) 
of the substrate still remained undigested. 

The results of these and similar experiments lead to one defi- 
nite conclusion, namely, they exclude the mechanism repre- 
sented by alternative 1, which postulates the initial attack from 
the terminal carrying a monoesterified phosphate in position 3’. 


X(pY)npZp — X(pY)n + pZp 


ieitigh? i (1) 
X(pY)n > X(PY)n-1 + pY 


In none of the experiments was a nucleoside diphosphate (pZp) 
observed before a nucleoside (X). On the contrary, pZp was 
always detected only in the later stages of digestion (Fig. 4, 
and Table ITI). 


TABLE III 


Chromatographic analysis of digest of one peak of ‘‘1 
Fraction” by phosphodiesterase 

Incubation mixture contained substrate (23 E270), phospho- 
diesterase (0.6 unit), 0.01 m MgSO,, 0.1 m Tris buffer, total volume 
1.1 ml. Incubation at 37°. Samples were withdrawn at indi- 
cated times and were chromatographed. The spots which were 
detected by the ultraviolet lamp were eluted, their spectra were 
read, and the optical density at 270 my was recorded. Spots 
which occurred in areas for which no standard was available were 
marked X, Y, Z and ‘‘undigested.’’ The latter was located close 
to the origin (see Fig. 4). 











3 | | | | | | 
Time | — a G A pA | pG Ran x | Y Z [Total 

La see hee 
Zero | 5.2 | | | | | | 5.2 
15 | 4.7/0.087| (0.051 | | | {0.060} | | 4.9 
1hr | 4.3/0.300| 0.258 ee | \0.069/0. 132) 5.0 
7 hr | 1.3/0.920/0.96/0.855/0.313)222)846)526 0.100 | 5.2 
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The observed results are compatible with the mechanism origi- 
nally suggested (4), which postulated consecutive liberation of 
mononucleotides starting from the nucleoside end (alternative 
2). 


X(pY)»apZp > X + (pY)apZp 
(pY)»apZp — pY + (pY)»pZp 


In agreement with this mechanism the appearance of nucleo- 
sides and nucleotides is detected long before the appearance 
of nucleoside diphosphates. 

However, examination of Table III reveals that a third al- 
ternative (17) is also possible. Since a nucleoside (G) and a 
nucleotide (pA) appear simultaneously and increase at about the 
same rate, a mechanism represented by alternative 3 cannot be 
excluded. 


(2) 


sl Ec 
GpA(pY)napZp ———~> GpA + (pY),pZp 


GpA fast , G+pA 


(3) 


This mechanism postulates an endonuclease activity of phos- 
phodiesterase. When acting on highly susceptible substrates, 
such as chains terminated in 5’-phosphate, phosphodiesterase 
shows endonuclease activity of the order of; 755 that of exo- 
nuclease (5, 6), and may be safely neglected. In-the case of 
oligonucleotides terminated in 3’-phosphate both exo- and endo- 
nuclease activity appear to be of a similar order of magnitude 
and the definite distinction between mechanisms 2 and 3 cannot 
be made at present. 

However, alternative 3 is somewhat favored. Should mecha- 
nism 2 be correct, one should expect a considerable lag between 
the appearance of a nucleoside and the next nucleotide, because 
the compound (pY),pZp is a rather resistant substrate. On 
the contrary, if mechanism 3 is correct, after the endonucleolytic 
split, a fragment of the type XpY would be produced. Such 
fragment carrying no terminal monoesterified phosphate is a 
susceptible substrate. It would be degraded by phosphodies- 
terase at least 200-fold faster than the original chain carrying 
monoesterified phosphate in position 3’, and hence the appear- 
ance of a nucleoside and a nucleotide should be simultaneous. 

Similar conclusions are reached from experiments, one example 
of which is illustrated in Table IV. A chain of pyrimidine 
nucleotides terminated with phosphoryl groups on both posi- 
tions 3’ and 5’ served as substrate. DNA was first digested 
with streptococcal DNase (27), and the products were chromato- 
graphed on Dowex 1, with the use of ammonium formate, pH 
4.5, as eluting agent. The fraction emerging with 2 m buffer 
was lyophilized and was treated with 66% formic acid contain- 
ing 2% diphenylamine, according to Burton and Petersen (26). 
The mixture was then chromatographed on Dowex 1, as before, 
and “2 m fraction” was collected. Treatment with the Burton 
and Petersen reagent does not rupture tracts of pyrimidine nu- 
cleotides which still retain phosphoryl groups on both 3’ and 
5’ terminals. They are represented by a general formula (pPy) ,- 
pPyp. The “2 m fraction” with the value for n approaching 
9 (27) was dissolved in 5 ml of 0.05 m Tris buffer, pH 8.9, con- 
taining 0.01 m MgSO,. Phosphodiesterase (0.02 ml, equivalent 
to 0.8 unit) was added, the mixture was incubated for 5 hours 
at 37°, and was chromatographed on Dowex 1, as before. The 
results are summarized in Table IV. At the time of termina- 
tion of the experiment the reaction had not been completed, 
since 25% of the material emerged with 2 m buffer. No nu- 
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TaBLe IV 
Partial digest of tracts of pyrimidine nucleotides carrying 
monoesterified phosphate in positions 3’ and 5' 
by phosphodiesterase 





0.1m fraction (pC + pT) 63.7 
0.25 m fraction (pCp + pTp) 0 

0.5 + 1.0 m fractions 10.9 
2.0 m fraction (undigested) 25.4 





cleoside diphosphate was detected (0.25 m fraction), about 11% 
of higher analogues were present, the rest (63%) were mono- 
nucleotides. 

Since no pXp was found, attack from the end carrying 3’- 
phosphate is excluded. The same type of products would be 
expected from either mechanism 2 or 3. The large relative 
quantities of mononucleotides slightly favor mechanism 3. If 
the endonucleolytic split occurred, two fragments (pPy)n-m + 
(pPy)mpPyp would result. The first is highly sensitive to phos- 
phodiesterase and would be rapidly degraded to mononucleotides. 

Whether the endonuclease activity is an intrinsic property 
of the molecule of venom phosphodiesterase or whether it is 
present in our preparations as a contaminating enzyme cannot 
be definitely decided until a preparation of phosphodiesterase 
withstanding rigorous criteria of purity can be secured. 


SUMMARY 


Phosphodiesterase from venom of Bothrops atrox has been 
purified about 150-fold. The purification procedure consists 
of fractionations with acetone and ethanol, and chromatography 
on substituted celluloses. Contamination by 5/-nucleotidase is 
below the level of detection. 

A two dimensional paper chromatographic method allowing 
the separation of four nucleosides, four nucleotides, and four 
nucleoside diphosphates is described. 

The mode of action of purified venom phosphodiesterase on 
deoxyribooligonucleotides obtained from the digest of deoxy- 
ribonucleic acid by splenic deoxyribonuclease II has been studied. 
The results definitely exclude an attack starting from the ter- 
minal carrying the phosphoryl group in position 3’. Other al- 
ternatives are discussed. 
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The importance of O-methylation of catecholamines and other 
catechols as a metabolic pathway has been amply shown (1-4). 
The isolation of ‘“Substanz Y,” a p-O-methyleatechol derivative 
from beef adrenal glands (5), and the occurrence of p-O-methyl- 
catechol derivatives in urine (6) are suggestive of p-O-methyla- 
tion in vivo. Previous studies (7) have shown that in vitro the 
enzyme O-methyltransferase effects both para and meta O-meth- 
ylation. The following study demonstrates that (nor)epineph- 
rine is converted to p-O-methyl-(nor)epinephrine in vitro and 
that 3,4-dihydroxyacetophenone, arterenone, and adrenalone 
undergo p-O-methylation in the intact rat. The para and meta 
O-methylated derivatives of 3,4-dihydroxyacetophenone (aceto- 
isovanillone and acetovanillone) have been shown to undergo a 
novel interconversion in vivo. 


MATERIALS AND METHODS 


3,4-Dihydroxyacetophenone, acetovanillone, acetoisovanil- 
lone, 3,4-dihydroxyphenylmethylearbinol, 3-hydroxy-4-meth- 
oxyphenylmethylearbinol, and 4-hydroxy-3-methoxyphenyl- 
methylearbinol have been described in a previous paper (7). 
The isomeric monomethy] ethers of dopamine, epinephrine, and 
norepinephrine were synthesized at the Sterling-Winthrop Re- 
search Institute and made available to us through the courtesy 
of Dr. Sydney Archer. In analogy to (nor)metanephrine the 
name (nor)paranephrine is suggested for p-O-methyl(nor)epi- 
nephrine. 

Synthesis of p-O-Methyladrenalone—To a vigorously stirred 
mixture of 7 g of adrenalone and 4 g of sodium bicarbonate in 
60 ml of water and 60 ml of ether at 0° a solution of 7.0 g of 
carbobenzyloxy chloride in 50 ml of ether was added dropwise. 
Stirring was continued for 24 hours at 0°. Filtration removed 
3.0 g of unchanged adrenalone. The solution was then shaken 
three times with ethyl acetate. The extract was dried and the 
solvent was removed under reduced pressure. The residue was 
recrystallized from ethyl acetate-ether-petroleum ether to yield 
2.6 g of N-carbobenzyloxyadrenalone, m.p. 180-183°. 


CyHuNO; 
Calculated: C 64.75, H 5.48, N 4.44 
Found: C 64.77, H 5.48, N 4.51 


A solution of 0.45 g of N-carbobenzyloxyadrenalone and 0.4 g 
of methyl iodide in 30 ml of methanol was refluxed with 1.6 
ml of 1 n sodium hydroxide. After 5 hours the mixture was 
concentrated, the residue taken up in 150 ml of ethyl acetate, 


and the solution shaken four times with equal volumes of 0.05 
N sodium hydroxide to remove any unchanged starting material. 
The product was then extracted into 1 N sodium hydroxide and 
precipitated by acidification. After recrystallization from ethyl 
acetate-ether-petroleum ether 110 mg of p-O-methyl-N-carbo- 
benzyloxyadrenalone, m.p. 121-122°, were obtained. 


CisHigNO5 
Calculated: C 65.64, H 5.82, N 4.25 


Found: C 65.63, H 5.83, N 4.37 


To 0.1 g of p-O-methyl-N-carbobenzyloxyadrenalone were 
added 3 ml of 32% hydrobromic acid in acetic acid. The solu- 
tion was concentrated to dryness at room temperature under 
reduced pressure. The residue was recrystallized (Norit) from 
methanol-ethyl acetate to give crude p-O-methyladrenalone 
hydrobromide. The hydrobromide was dissolved in a small 
volume of water and the calculated amount of sodium carbonate 
was added. After standing overnight in the cold room the free 
base was collected and converted to the hydrochloride with a 
solution of hydrochloric acid in ethanol. Addition of ethyl 
acetate caused the precipitation of 60 mg of p-O-methyladrena- 
lone- HCl, m.p. 245-246°. 


C\oHisNO3- HCl 
Calculated: C 51.84, H 6.09, N 6.05, Cl 15.31 
C 52.02, H 6.14, N 5.99, Cl 15.47 


Found: 


Synthesis of p-O-Methylarterenone—Carbobenzyloxylation of 
arterenone was carried out in the same way as described for 
adrenalone. From 10.2 g of arterenone HCl 4.8 g of N-carbo- 
benzyloxyarterenone, m.p. 153-155°, were obtained; 2.2 g of 
unchanged arterenone were recovered. 

CisHisNOs 
Calculated: C 63.78, H 5.02, N 4.65 


C 63.83, H 5.08, N 4.65 


Found: 


The methylation of N-carbobenzyloxyarterenone was carried 
out as described above for adrenalone. From 0.6 g was ob- 
tained 0.5 g of p-O-methyl-N-carbobenzyloxyarterenone, m.p. 
142-143°. 

Ci;HiNOs 
Calculated: C 64.75, H 5.43 
Found: C 64.86, H 5.43 
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The decarbobenzyloxylation of p-O-methyl-N-carbobenzyl- 
oxyarterenone and the conversion of the resulting hydrobromide 
to the hydrochloride were carried out as described above. The 
hydrochloride of p-O-methylarterenone had m.p. 254-256°. 


CoHyNO;-HCl 
Calculated: C 49.65, H 5.56, N 6.44, Cl 16.29 
Found: C 49.69, H 5.87, N 6.60, Cl 16.39 


Synthesis of m-O-Methyladrenalone—Three grams of 4-acetoxy- 
3-methoxyacetophenone (8) in 50 ml of glacial acetic acid were 
cooled and stirred while 2.3 g of bromine was added in 2 ml of 
acetic acid. The reaction was stirred for 1 hour and the tem- 
perature then raised briefly to 70°. After concentration to 
dryness under reduced pressure the residue was triturated with 
water and benzene. The benzene layer was removed and 
dried over sodium sulfate. On addition of petroleum ether, 
3.1 g of 4-acetoxy-3-methoxy-w-bromoacetophenone were ob- 
tained, m.p. 77-79°. 


Cy, Hy BrO, 
Calculated: C 46.01, H 3.86, Br 27.84 
Found: C 45.70, H 3.70, Br 27.89 


A solution of 1 g of 4-acetoxy-3-methoxy-w-bromoacetophe- 
none in 50 ml of ethyl acetate was added slowly to 50 ml of 
ethyl acetate through which was passed a stream of methyla- 
mine for 10 minutes. The reaction mixture was allowed to 
stand for 30 minutes and then concentrated to dryness under 
reduced pressure. The residue was dissolved in 20 ml of 3 N 
hydrochloric acid, refluxed for 3 hours on the steam bath, and 
then concentrated to dryness under reduced pressure. Frac- 
tional recrystallization from methanol-ethyl acetate afforded 
160 mg of m-O-methyladrenalone hydrochloride, m.p. 250-254°. 


CoH 3N¢ )s;-HCl 
Calculated: C 51.84, H 6.09, N 6.05, Cl 15.31 


Found: C 51.67, H 6.12, N 6.10, Cl 15.68 


Synthesis of m-O-Methylarterenone—The compound was pre- 
pared as described above for m-O-methyladrenalone with am- 
monia instead of methylamine. From 1 g of 4-acetoxy-3-meth- 
oxy-w-bromoacetophenone 0.2 g of m-O-methylarterenone hy- 
drochloride was obtained, m.p. 249-251°. 


C,H NO;- HCl 
Calculated: C 49.65, H 5.56, N 6.44, Cl 16.29 
Found: C 49.47, H 5.80, N 6.38, Cl 16.50 


Enzymatic O-Methylation of Catecholamines—Enzymatic O- 
methylation of epinephrine, norepinephrine, adrenalone, and ar- 
terenone was carried out by incubating the hydrochloride of the 
catecholamine (10 wmoles), dissolved in 1 ml of water, for 1.5 
hours at 37° with 4 ml of the soluble supernatant fraction of rat 
liver, 2.5 ml of 0.5 m phosphate buffer, pH 7.9, 4 umoles of S- 
adenosylmethionine, and 0.1 ml of 2.0 m magnesium chloride (9). 

Enzymatic Demethylation of O-Methylated Catechols—The de- 
methylation of O-methyleatechols was carried out as described 
by Axelrod (10). The formaldehyde formed in the oxidative de- 
methylation was assayed with the Nash reagent (11). The re- 
sults are presented in Table IT. 
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RESULTS 


Enzymatic p- and m-O-Methylation of Epinephrine and Nor- 
epinephrine—After incubation of the reaction mixture containing 
either norepinephrine or epinephrine the pH was adjusted to 10 
and the suspension was shaken with isoamyl alcohol (9). The 
isoamy] alcohol extract was then extracted with 0.1 N hydro- 
chloric acid and this acid solution was concentrated under re- 
duced pressure to dryness. The residue was taken up in a small 
amount of 95% ethanol for chromatography on paper (Whatman 
No. 1). The Ry values in a variety of systems and the color 
reaction with dichloroquinone chlorimide (7) of the enzymatically 
formed O-methyl compounds were identical with those of the 
corresponding isomeric catecholamine monomethyl ethers. 
Chromatographic resolution of the isomeric monomethyl] ethers 
of metanephrine and paranephrine, and of normetanephrine and 
norparanephrine, however, was possible only by way of the az- 
obenzene sulfonate derivatives. With the use of the coupling 
method described by Senoh et al. (7), the azobenzenesulfonate 
derivatives of metanephrine, paranephrine, normetanephrine, 
norparanephrine, and the enzymatically formed O-methy] ethers 
of (nor)epinephrines were formed and subjected to chromato- 
graphic resolution. The results are given in Table I. They 
show that epinephrine and norepinephrine are enzymatically 
transformed to mixtures of the corresponding p- and m-O-methyl 
ethers. From the relative intensity of the two spots it was es- 
timated that both with epinephrine and norepinephrine, the p-O- 
methyl ether represented only 10 to 15% of the methylation 
mixture. Confirmation of this was obtained in further experi- 
ments in which the final 0.1 N HCl extract (50 ml) was treated 
with 5 ml of concentrated ammonium hydroxide and 2 ml of a 
2% solution of periodic acid, a reaction which quantitatively con- 
verts (nor)metanephrine to vanillin and (nor)paranephrine to 
isovanillin (12). The ammonia solutions were acidified after 5 
minutes and extracted with ethyl acetate. The (dried) extracts 
were concentrated under reduced pressure. The residue was 
taken up in ethanol and subjected to paper chromatography. 
Two spots were detected whose Rr values in a variety of solvent 
systems were identical with those of vanillin and isovanillin. 
The color reactions with dichloroquinonechlorimide gave a light 
green color for vanillin and a blue color for isovanillin. Under 
ultraviolet light the light green vanillin spot fluoresced dark vio- 


TABLE I 
Chromatography of azobenzene sulfonate derivatives of 
(nor)metanephrine and (nor)paranephrine. 

Rr values and colors of the azo derivatives produced by cou- 
pling (nor)metanephrine and (nor)paranephrine with diazoben- 
zenesulfonic acid, with the use of methanol-butanol-benzene-wa- 
ter (2:1:1:1) and descending technique on Whatman No. 1 paper. 








Azo coupling derivatives of 
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let, whereas the blue isovanillin spot fluoresced bright yellow. 
The vanillin and isovanillin obtained by periodate oxidation of 
the enzymatic mixture also showed these properties. In addi- 
tion, when the ethanol extract was distributed along the starting 
line of Whatman No. 1 paper, developed with butanol-concen- 
trated ammonia (4:1), and the areas corresponding to vanillin 
and isovanillin eluted with a measured volume of 0.1 N sodium 
hydroxide and the ultraviolet absorption curves determined, they 
were found to be identical with the ultraviolet absorption curve 
of authentic vanillin or isovanillin. The amounts of vanillin and 
isovanillin could be calculated from the ratio of extinctions of 
max 347 my (vanillin in 0.1 N NaOH), and Amax 248 my (iso- 
vanillin, 0.1 N NaOH). By this method, samples of enzymat- 
ically O-methylated epinephrine and norepinephrine were found 
to contain 9 and 12% of the para isomers, respectively. 

Enzymatic p- and m-O-Methylation of Arterenone and Adren- 
alone—After incubation the pH of the reaction mixture was ad- 
justed to 9 and the suspension was shaken with isoamy] alcohol. 
The extracted products were transferred into 0.1 N HCl, and this 
solution was concentrated to dryness under reduced pressure. 
Under these conditions only small amounts of unreacted adren- 
alone or arterenone are extracted into the isoamy] alcohol, where- 
as the p- and m-O-methy] ethers are extracted almost quantita- 
tively. The methylation products were taken up in a small 
volume of ethanol and subjected to paper chromatography. 
Synthetic samples of p- and m-O-methyladrenalone and -arter- 
enone served as reference, The reaction of O-methyladrenalones 
with dichloroquinonechlorimide gave an initial blue-green color 
which turned yellow-brown; the O-methylarterenones gave a 
more greenish color which also turned brown. Under ultravio- 
let light the spot from the m-O-methy] ethers fluoresced violet, 
that from the p-O-methy] ethers fluoresced yellow. Mixtures of 
the isomers did not separate in a variety of solvent systems. 
However under ultraviolet light, after treatment with dichloro- 
quinonechlorimide, the single spot was in some solvents (n-bu- 
tanone-propionic acid-water, 15:5:6) seen to consist of a violet 
fluorescing portion preceding a yellow fluorescing portion. The 
enzymatically formed O-methylated compounds gave the same 
Ry values and color reactions as described above for mixtures of 
the synthetic reference samples. 

Because of the unsatisfactory chromatographic separation of 
the isomers of O-methyladrenalone and -arterenone, a method was 
sought for the selective reduction of the keto group in p- and m- 
0-methylated arterenones and adrenalones to the corresponding 
ethers of norepinephrine and epinephrine, so that the more sen- 
sitive and convenient oxidation with periodic acid to vanillin or 
isovanillin could be employed. The following method was found 
satisfactory: The aqueous 0.1 Nn HCl extract (25 ml) was 
treated with 25 ml of 2.5% sodium carbonate and 20 mg of so- 
dium borohydride. After heating for 30 minutes at 60-70°, an 
excess of acetone (~1 ml) to decompose any unreacted sodium 
borohydride, and then 5 ml of a 2% aqueous solution of periodic 
acid were added. After standing for 10 minutes, the solution was 
cooled, acidified, and shaken with ethyl acetate. The ethyl ace- 
tate layer was dried and the solvent removed under reduced pres- 
sure; the residue was dissolved in a small amount of ethanol and 
subjected to paper chromatography. Vanillin and isovanillin, 
identical in all respects (Rp values, color reactions, ultraviolet 
absorption spectra) with authentic samples, were identified and 
assayed. This method showed the O-methylation mixture from 
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adrenalone to contain 37% p-O-methyl and 63% m-O-methyl 
ether. For arterenone this ratio was 40% p- and 60% m-0O- 
methyl] ether. 

p- and m-O-Methylation of Adrenalone in vivo—All compounds 
were administered intraperitoneally. Two adult male rats re- 
ceived 120 mg per kg of iproniazid, an inhibitor of monoamine 
oxidase, 6 hours and 1 hour before the experiment, and then 120 
mg per kg of adrenalone hydrochloride in three divided doses 
over 6 hours. Urine was collected for 20 hours, pooled, adjusted 
to pH 6 with acetate buffer, incubated for 8 hours at 37° with 
10,000 units of bacterial 8-glucuronidase (Sigma Chemical Com- 
pany) and 2,000 units of snail sulfatase (glusulase, Endo Prod- 
ucts). 

An aliquot was adjusted to pH 9 and the m- and p-O-methyl- 
adrenalones were isolated as described above. Chromatography 
was carried out in a variety of solvent systems. The Ry values 
and the color reaction with dichloroquinonechlorimide indicated 
the presence of a mixture of O-methyladrenalones. The mate- 
rial was treated as described above for the conversion of the O- 
methyl adrenalones or arterenones to vanillin and isovanillin. 
Ry values, color reactions, and ultraviolet absorption spectra 
proved the presence of vanillin and isovanillin and indicated the 
formation of 10% p-O-methyl and 90% m-O-methyl] ether from 
adrenalone. Direct treatment of urine without isolation of the 
amine fraction with sodium borohydride and periodic acid yielded 
a mixture of 9% isovanillin and 91% vanillin. The O-meth- 
ylated derivatives represented about 20% of the administered 
adrenalone hydrochloride. 

p- and m-O-Methylation of Arterenone in vivo—The methylation 
of arterenone in the rat and the subsequent assay was carried out 
as described above for adrenalone. Chromatography of the puri- 
fied products indicated the presence of a mixture of O-methylated 
arterenones. Treatment with sodium borohydride and periodic 
acid yielded vanillin and isovanillin (Rr, color reaction, ultra- 
violet spectrum) in relative amounts of 18% of p-O-methyl and 
82% of m-O-methy] isomer in the purified extract. The direct 
treatment of the urine with sodium borohydride and periodic acid 
yielded a mixture of 92% vanillin and 8% isovanillin. The re- 
covery of O-methylated derivatives in the urine was 16% of the 
administered arterenone hydrochloride. 

Methylation of Epinephrine in vivo—Similar studies as above 
with rats were conducted with 40 mg per kg (in four divided 
doses) of u-(+)-epinephrine (13, 14), the physiologically less ac- 
tive antipode of the natural hormone, with or without admin- 
istration of iproniazid. No conversion to isovanillin could be 
demonstrated. 

Administration of paranephrine or metanephrine intraperitone- 
ally to rats with or without administration of iproniazid, followed 
by extraction of the amine fraction from the urine and vanillin- 
isovanillin assay, showed no detectable interconversion of the 
isomeric ethers, the recovery of which was essentially the same 
(20 to 25%) within the limits of error. 

The nonoccurrence of p-O-methylation of L-(+)-epinephrine 
was also demonstrated in mice. 

p- and m-O-Methylation of 3 ,4-Dihydroxyacetophenone in vivo— 
Two groups of adult male rats were used. One of these re- 
ceived 120 mg per kg of 3,4-dihydroxyacetophenone in divided 
doses over a period of 4 hours whereas the other group served as 
control throughout the experiment. The urine from each was 
collected for 20 hours, adjusted to pH 6 with acetate buffer, and 
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incubated overnight with 10,000 units of bacterial 6-glucuroni- 
dase. The solutions were brought to an acid strength of 1 M in 
hydrochloric acid, heated for 90 minutes in a boiling water bath, 
cooled, and adjusted to ~pH 2. Aliquots were extracted five 
times with benzene, a procedure that extracts acetovanillone 
and acetoisovanillone but not 3,4-dihydroxyacetophenone (7). 
After concentration to dryness under reduced pressure, and so- 
lution in a small amount of ethanol, paper chromatography gave 
two spots which were identical with acetovanillone and acetoiso- 
vanillone with respect to Rp values in a variety of solvent sys- 
tems, color reactions, and ultraviolet absorption spectra in 0.1 N 
NaOH. The concentrated ethanol extract was also purified by 
paper chromatography with butanol-concentrated ammonia (4:1). 
The areas corresponding to acetovanillone and acetoisovanillone 
were eluted with 0.1 n NaOH and the amounts of these com- 
pounds were determined spectrophotometrically with the corre- 
sponding control areas as blanks (7). The total conversion to 
methylated products based on administered 3, 4-dihydroxyaceto- 
phenone was 18% and the ratio of meta (acetovanillone) to para 
(acetoisovanillone) methyl ethers was 3:1. 

After the treatment with benzene, the 3, 4-dihydroxyacetophe- 
none was extracted with ethyl acetate. The solution was dried 
and concentrated under reduced pressure; the residue was dis- 
solved in ethanol and subjected to paper chromatography. 3,4- 
Dihydroxyacetophenone was identified by Ry values in a variety 
of solvent systems, color reactions, and ultraviolet absorption 
spectrum in 0.1 N NaOH. Recovery of 3,4-dihydroxyacetophe- 
none based on spectrophotometric measurements amounted to 
37%. The acetovanillone, acetoisovanillone, and 3,4-dihy- 
droxyacetophenone were excreted mainly as ethereal sulfates. 

Interconversion of Acetovanillone and Acetoisovanillone in vivo— 
Experiments were carried out as described above for 3,4-dihy- 
droxyacetophenone except that 120 mg per kg of either aceto- 
vanillone or acetoisovanillone was administered. After the urine 
had been treated in the manner described above, the ethanol ex- 
tracts were subjected to chromatography. When acetovanillone 
was administered a small amount of acetoisovanillone was de- 
tected (Rp values, color reactions, and ultraviolet absorption 
spectrum); administration of acetoisovanillone led to the for- 
mation of a small amount of acetovanillone (Ry values, color 
reactions, and ultraviolet absorption spectrum). The ethanol 
extracts were chromatographed and eluted as described above. 
Spectroscopic determination gave the following results: After 
administration of acetovanillone 80% was recovered unchanged, 
and ~0.5% had been converted to the para isomer, acetoiso- 
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vanillone; on administration of acetoisovanillone the recovery 
was 80% and of this 5 to 6% had been converted to the meta 
isomer, acetovanillone. No 3 yess droxyacetophenone was de- 
tected. 


DISCUSSION 


The results of the studies in vitro on the methylation of epi- 
nephrine, norepinephrine, adrenalone, and arterenone confirm 
earlier observations (7) that 3,4-dihydroxyacetophenone, 3,4- 
dihydroxyphenylmethylcearbinol, and dopamine undergo p-O- 
methylation, to the extent of 40 to 56% when an unsaturated 
side chain is present and to a lesser extent, 10 to 15% when a 
saturated side chain is present. 

The extension of these studies to intact animals led to the 
finding that lesser amounts of the para isomer were formed, 25% 
in vivo as opposed to 40% in vitro for 3 ,4-dihydroxyacetophenone, 
and only 10% in vivo, as compared with 40% in vitro for adren- 
alone and arterenone. Administration of either 3-methoxy-4-hy- 
droxy or 4-hydroxy-3-methoxyacetophenone then revealed a 
novel interconversion of meta and para O-methy] ethers, the para 
isomer being interconverted to a greater extent. Investigation 
of all of the isomeric pairs of monomethyl ethers by means of a 
crude enzyme preparation of O-demethylase (10) indicated that 
the para O-methylated catechol ethers asa rule were demethylated 
more readily (Table II) than the meta isomers. 

Studies in vivo with L-(+)-epinephrine with or without mono- 
amine oxidase inhibitors showed no detectable paranephrine, 
whereas paranephrine was formed in vitro to the extent of 9%. 
The possibility of a rapid conversion of paranephrine to meta- 
nephrine seems to be precluded, since paranephrine, after intra- 
peritoneal administration, was recovered with no detectable in- 
crease in the excretion of metanephrine. Paranephrine might 
conceivably be much more rapidly metabolized in some other way 
and thus escape detection; however, the recoveries of admin- 
istered metanephrine and paranephrine do not differ significantly. 


TaBLeE II 
Enzymatic O-demethylation of isomeric catechol monomethyl ethers 
Microsomes and soluble fraction obtained from 1.8 g of liver 
were incubated at 37° for 2.5 hours with 10 wmoles of substrate 
with the use of the method of Cochin et al. (11). Results are ex- 
pressed i in n umoles of formaldehyde formed per g of liver tissue. 














Substrate Rat liver Guinea pig liver 
pumoles CH20 formed | umoles CH20 formed 
4-Hydroxy-3-methoxyphenyl- 

methylearbinol . dee 0.6 0.9 
3-Hydroxy-4- methoxy phenyl- 

MOCHPICATOING!. . oo. eves ce es 1.0 1.4 
Mootovanillone. . . ......6ccceess | 1.3 1.2 
Acetoisovanillone............... | LZ 1.8 
m-O-Methyldopamine-HCl...... 0.5 0.5 
p-O-Methyldopamine-HCl. ..... | 0.4 0.5 
Metanephrine-HCl............. 0.3 0.6 
Paranephrine-HCl.............. 0.3 1.0 
Normetanephrine- HCl ae 0.3 0.5 
Norparanephrine:- HCl He J 0.6 0.9 
m-O-Methylarterenone-HCl.... .| 0.6 1.0 
p-O-Methylarterenone-HCl.....| 0.6 1.3 
m-O-Methyladrenalone-HCl.... | 1.0 1.5 
p-O-Methyladrenalone-HCl.... ‘| a1 1.9 
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The interconversion of m- and p-O-methy] catechol ethers in the 
intact rat may be the result of demethylation to the catechol by 
the TPNH-dependent microsomal enzyme (10) followed by re- 
methylation. Since the catechol is excreted largely as the m- 
methoxy derivative when given in vivo, the relatively greater con- 
version of p- to m-O-methyl ether may express the relative rates 
of methylation (k, > ks) in the two positions. Further analysis 
of the factors determining the fates of these compounds requires 
determination of the number of enzymes capable of methylating 
and demethylating the catechol derivatives under study, the 
specificity and affinities of these enzymes, their distribution in 
the organism, the distribution of the substrates, and other factors. 

p-O-Methylation of catechol derivatives in vivo introduces new 
metabolic aspects and will have to be studied further before any 
general conclusions may be reached. 


SUMMARY 


1. Methods for the synthesis of p-O-methyladrenalone, p-O- 
methylarterenone, m-O-methyladrenalone, and m-O-methylar- 
terenone are described. 

2. The formation of p-O-methylated compounds in vitro with 
O-methy] transferase has been demonstrated for epinephrine, nor- 
epinephrine, arterenone, and adrenalone. 

3. The methylation in vivo of 3,4-dihydroxyacetophenone, ar- 
terenone, and adrenalone occurs at the para as well as meta 
positions. 

4. An interconversion of the isomeric m- and p-methy| ethers 
of 3,4-dihydroxyacetophenone was observed in rats, the para 
isomer undergoing this interconversion to a greater extent. 
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5. Enzymatic demethylation studies in vitro showed that in 
most cases the para O-methyl ethers are demethylated more 
rapidly than the meta isomers. 

6. No formation of paranephrine from epinephrine could be 
detected in vivo nor was any interconversion of paranephrine to 
metanephrine observed in vivo. 
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Studies in this laboratory (1-3) have dealt with the metabo- 
lism of amines derived from tryptophan, such as tryptamine and 
serotonin. Tryptophan may give rise to additional amines 
through decarboxylation of kynurenine and 3-hydroxykynure- 
nine. Makino and Arai (4) were the first to suggest this path- 
way and later showed (5) that mouse liver homogenates convert 
kynuramine, the decarboxylation product of kynurenine, to 
4-hydroxyquinoline which was identified by its paper chromato- 
graphic and spectral properties. The mechanism of this con- 
version has not been studied in further detail. 

Kynuramine (J) has now been found to be rapidly oxidized by 
monoamine oxidase (MAO) but not by diamine oxidase (Scheme 
1). The former enzyme conceivably could oxidatively deaminate 
kynuramine to an aldehyde JJ which would either condense to 
4-hydroxyquinoline (4(1H)-quinolone, JIZ) or undergo further 
oxidation to an acid IV or the lactam, 2,4-dihydroxyquinoline 
(formulated as 4-hydroxy-2(1H)-quinolone, V). Intramolecular 
(nonenzymatic) condensation of the aminoaldehyde proved to be 
faster than the further oxidation of the aldehyde to the acid or 
lactam. The overall reaction could be conveniently followed in 
situ in a self-recording spectrophotometer and has been developed 
into a rapid method for the assay of monoamine oxidase. The 
details of this procedure are presented in the present report. 


EXPERIMENTAL 


Materials and Methods 


Kynuramine! was prepared in the following way by a modifica- 
tion of the ozonolysis procedure of Witkop (6). N-Carbobenz- 
oxytryptamine (2.9 g) (7) was dissolved in 100 ml of acetic acid 
and subjected to ozonolysis with use of a Welsbach Ozonator. 
The yellow-brown solution was then concentrated at 40 to 50° 
almost to dryness and cooled while 15 ml of 48% hydrobromic 
acid in acetic acid were added. After 5 hours at 5°, the solution 
was concentrated to dryness under reduced pressure, water was 
added and the solution was shaken with ether. The aqueous 
layer was then passed over a Dowex 1-X8 resin (hydroxide form) 
and the eluant, which contained the free base, was treated with 
a saturated aqueous solution of picric acid. After standing 
overnight in the cold, the red-orange picrate of kynuramine, 1.0 
g, m.p. 175-177° (lit. (8) 176-177°) was collected. The picrate 
was dissolved in aqueous methanol and passed over a Dowex 
1-X8 resin (hydroxide form). To the eluant was added an ex- 
cess of alcoholic hydrobromic acid. The solution was concen- 


1 Kynuramine can now be obtained from Regis Chemical Com- 
pany, Chicago, Il. 


trated under reduced pressure to dryness and the residue crystal- 
lized from methanol-ethyl acetate after treatment with Norit. 
A yield of 0.5 g, 15%, of kynuramine dihydrobromide was ob- 
tained, m.p. 214-216° decomposes. This yield compares with 
an over-all yield of 14% by total synthesis (8). 
C;H.:N.0-2HBr 
C 33.15, H 4.33, N 8.59, Br 49.02 
C 33.27, H 4.40, N 8.69, Br 48.81 


Calculated: 


Found: 


Various hydroxyquinoline derivatives were obtained through 
the courtesy of Dr. Siro Senoh and Dr. Chozo Mitoma. 

Spectra were obtained with a model 14 Cary recording spectro- 
photometer, and enzyme experiments were performed either with 
a Beckman model DU spectrophotometer or the model 14 Cary 
instrument. 

Tissues were homogenized in 5 volumes of cold distilled water 
and passed through a layer of cheesecloth. In most of the ex- 
periments to be described below (Figs. 1 to 4), the homogenate 
was centrifuged at 500 r.p.m. for 15 minutes to remove cellular 
debris. Soluble, partially purified monoamine oxidase was pre- 
pared as described previously (9). Partially purified diamine 
oxidase was prepared from hog kidney according to the procedure 
of Tabor (10). 

Incubations with kynuramine were performed in 3-ml silica 
cuvettes. The experimental cuvette contained tissue extract, 
about 0.3 umole of kynuramine, 0.3 ml of 0.5 m phosphate buff- 
ered at pH 7.4, and water to a total volume of 3 ml. The initial 
absorbancy at 360 mu was approximately 0.5. Since the incu- 
bations were run at room temperature, only the enzyme solutions 
were kept cold. A blank cuvette was prepared in which the 
kynuramine was replaced with water. After the final addition, 
the mixing was achieved by inversion and an initial reading was 
made at 360 mu. Further readings were then recorded at suit- 
able time intervals depending on the activity of the enzyme 
preparation. With crude tissue preparations, the readings ob- 
served in the first minute or two may be erratic because of settling 
of particles in the cuvette. However, after this period there is 
no difficulty, and the assay can be employed on tissue homog- 
enates. Activity is expressed as the change in absorbancy at 
360 my per unit of time. 

For comparative purposes, monoamine oxidase activity was 
also assayed in another manner by measuring the rate of serot- 
onin disappearance (2). In this procedure, the serotonin in the 
incubation mixture is extracted from alkaline solution into bu- 
tanol and then re-extracted into dilute HCl. The dilute acid 
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Fia. 1. Spectral changes during incubation of kynuramine with 
rat liver homogenate. Details of the incubation procedure are 
described in the text. 


is then assayed colorimetrically. It should be noted that the 
rate of serotonin disappearance, when incubated with mono- 
amine oxidase, was measured at 37°, whereas measurement of the 
rate of kynuramine disappearance took place at the temperature 
inside the Beckman spectrophotometer (about 30°). Kynura- 
mine disappearance was found to be 60% faster at 37°. 


EXPERIMENTAL 


Liver homogenates rapidly metabolized kynuramine as evi- 
denced by a marked change in the spectrum of the incubation 
mixture (Fig. 1). The initial peak due to the substrate at 358 
to 360 my diminished with the concurrent appearance of new 
peaks at 315 and 329 my. As shown in Fig. 2, the final spectrum 
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obtained in a typical incubation resembled that of 4-hydroxy- 
quinoline, the metabolite first identified by Makino et al. (5). 
Quantitative measurements based on the extinction coefficient of 
4-hydroxyquinoline at 315 my indicated complete conversion of 
the amine to 4-hydroxyquinoline. Other closely related quino- 
line derivatives such as 8-hydroxyquinoline, 4 ,8-dihydroxyquin- 
oline, 2-hydroxyquinoline, and 4-hydroxyquinoline-2-carboxylic 
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Fic. 2. Final spectrum (A) of an incubation of kynuramine 
with 0.1 ml of rabbit liver homogenate. The incubation continued 
until no further change in the spectrum was observed. The spec- 
trum of 4-hydroxyquinoline (B), the postulated product, is also 
shown. 
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Fig. 4. Effect of tissue concentration on kynuramine disap- 
pearance. Various amounts of a rat liver homogenate were in- 
cubated for 10 minutes with kynuramine as described in the text. 
The ordinate values show the decrease in absorbancy at 360 mp 
during this incubation. 


acid were found to have completely different spectra. The oxi- 
dation product also behaved similarly to authentic 4-hydroxy- 
quinoline in several chromatographic systems on paper. 

As shown in Fig. 3, kynuramine disappearance was linear with 
time until the absorbancy at 360 my fell below 0.150. Activity 
was also proportional to enzyme concentration as shown in Fig. 
4, 

The following findings indicate that kynuramine is a far better 
substrate of monoamine oxidase than of diamine oxidase. The 
reaction was extremely sensitive to iproniazid, an excellent in- 
hibitor of monoamine oxidase (11,12). Rat liver mitochondria, 
which are an excellent source of monoamine oxidase, rapidly 
metabolized kynuramine, as did a partially purified monoamine 
oxidase preparation from guinea pig liver (9). Neither of these 
preparations was able to oxidize histamine at a significant rate. 


TABLE I 

Enzyme activity in various tissue homogenates specific activity* 

In the experiments with kynuramine, approximately 0.3 umole 
kynuramine was incubated with 0.1 and 0.2 ml of liver and brain 
homogenates, respectively. The mixture was buffered at pH 8.0 
with 0.3 ml of 0.5 m potassium phosphate buffer. The reaction 
was measured at about 30° by the decrease in kynuramine absorp- 
tion at 360 my (see text). The serotonin disappearance studies 
were carried out at 37° for 30 minutes. Each beaker, total volume 
3.5 ml, contained 1 mg of serotonin. 0.5 ml of 0.5 m potassium phos- 


phate buffer pH 8, and an appropriate amount of the homogenate 
(2). 














| Ratio: 
Tissue Kynuramine Serotonin kynuramine/ 

serotonin 

Rat liver 0.078 0.522 0.149 
Rat brain 0.030 0.201 0.149 
Guinea pig liver 0.178 1.31 0.136 

Guinea pig brain | 0.071 0.164 0.432 
Rabbit liver | 0.199 0.073 2.72 
Rabbit brain | 0.014 0.052 0.27 








* Values are expressed as wmoles per hour per mg of protein. 


Assay of Monoamine Oxidase 


The spectral changes observed with these later monoamine oxi- 
dase preparations also showed the formation of 4-hydroxyquino- 
line. Partially purified diamine oxidase was shown to have very 
weak, but significant activity towards both kynuramine and 
serotonin (;'; and 75 the rate observed with histamine). Since 
monoamines are known to be weak substrates of diamine oxidase 
(13), the low activity observed is understandable. 

Several tissues were assayed for monoamine oxidase by both 
methods, serotonin disappearance and kynuramine disappear- 
ance. The results are shown in Table I. In most of the tissues 
tested, serotonin was oxidized at a faster rate by monoamine 
oxidase although the values are not comparable since the kynur- 
amine incubations were performed at a lower temperature. Cor- 
recting for this, serotonin was generally 2 to 4 times better than 
kynuramine. One notable exception was rabbit liver which 
oxidized kynuramine at a faster rate than serotonin. An al- 
ternate pathway of kynuramine metabolism was excluded since 
the end product formed in the incubations with rabbit liver was 
4-hydroxyquinoline (Fig. 2). In all tissues, including those of 
the rabbit, the bulk of enzymatic activity with both kynuramine 
and serotonin as substrates was in the mitochondrial fraction. 


DISCUSSION 

The generally employed procedures for measuring monoamine 
oxidase activity depend on either oxygen uptake (11, 14) or 
amine disappearance (2). In the latter case, serotonin or tyr- 
amine have been used as substrates, since both these compounds 
can be readily measured. However, the cumbersome analytical 
methods involve multiple extraction procedures (15), followed 
by colorimetric assay (15, 16). On the other hand, the mano- 
metric assay procedures are not sufficiently accurate or sensitive, 
especially so since crude tissue preparations show appreciable 
oxygen uptake in the absence of added substrate. With use of 
purified preparations of amine oxidase, oxidative deaminations 
have also been assayed by measuring the appearance of DPNH 
in the further oxidation of the aldehyde to the acid by aldehyde 
dehydrogenase and DPN, (9, 10), and by the spectrophotometric 
assay of benzaldehyde formed with benzylamine as a substrate 
(17). These procedures are not applicable to crude tissue ex- 
tracts. 

The present assay for monoamine oxidase utilizes a direct 
spectrophotometric method which allows the rapid and exact 
determination of the disappearance of kynuramine (360 my), or 
of the appearance of 4-hydroxyquinoline (310 to 335 my). The 
assay is applicable to crude tissue extracts, and appears to be 
the method of choice for following the localization and purifica- 
tion of monoamine oxidase. 

The use of an analogous (nonenzymatic) intramolecular con- 
densation reaction of an intermediate carbonyl derivative should 
be applicable to other enzymatic oxidations and is now being 
investigated as a means of assaying L-amino acid oxidase with 
L-kynurenine as substrate. 


SUMMARY 


The conversion of kynuramine to 4-hydroxyquinoline has been 
shown to occur readily in tissue homogenates and to be dependent 
upon monoamine oxidase activity. The reaction can be followed 
conveniently in a spectrophotometer and has been developed 
into a simple and rapid method for the assay of monoamine 
oxidase. 
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The isolation from enrichment cultures of soil pseudomonads 
that grow with various forms of vitamin Bs as a sole source of 
carbon and nitrogen was described previously (1). One such cul- 
ture, designated IA, degraded pyridoxine by way of isopyridoxal 
and 5-pyridoxic acid to the open chain compound, pyriconic acid, 
as shown in Fig. 1, A to E. Pyriconic acid (F) was further 
cleaved by cell extracts to smaller fragments (1, 2). This path- 
way differs markedly from that observed in animals, where pyr- 
idoxine gives rise to pyridoxal (3) and thence to 4-pyridoxie acid 
(3, 4). 

The present paper describes the pathway of degradation of 
pyridoxamine by a second soil organism, Pseudomonas sp. MA. 
Although similar in some respects to the bacterial degradation of 
pyridoxine, oxidation of pyridoxamine proceeds through an en- 
tirely different set of intermediate compounds, all of which have 
now been characterized and are shown in Fig. 1, J7 to VIII. Pre- 
vious work on the degradation of pyridoxamine had demon- 
strated its conversion to pyridoxal and 4-pyridoxic acid in man 
(3), and its slow oxidation, presumably to pyridoxal, by Aceto- 
bacter suboxydans (5). An oxidase of mammalian liver is known 
that converts pyridoxamine to pyridoxal (6). 


EXPERIMENTAL 


The general techniques for paper chromatography, detection 
of 3-hydroxypyridines, and isolation of metabolites described in 
the preceding papers (1, 2) were followed here with only slight 
variations as indicated in the individual experiments. 

Inocula were grown in Roux bottles containing 100 ml of the 
inorganic basal medium (1) supplemented with 0.1% pyridox- 
amine dihydrochloride and 2% agar. After incubation at 30° 
for 3 days, the cells were washed from the surface with sterile 
water. Experimental cultures were grown in the inorganic me- 
dium containing 0.15% pyridoxamine dihydrochloride. Each 
liter of the liquid medium, contained in a 2.8-liter Fernbach flask, 
was inoculated with a freshly prepared suspension of cells from 
one Roux bottle. Like other forms of vitamin Bs, pyridoxamine 
is labile both to oxidation and to light (7). To minimize decom- 
position, pyridoxamine dihydrochloride was dissolved and neu- 
tralized just before use. The solution was sterilized by filtration 
and added aseptically to the previously autoclaved and cooled 


* Supported in part by a grant from the United States Public 
Health Service. For Part II of this series see (2). 
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t Postdoctoral Fellow of the United States Public Health Serv- 
ice. Present address, Department of Biochemistry, University of 
California School of Medicine, San Francisco, California. 


basal medium. Culture vessels were wrapped in aluminum foil 
to exclude light, inoculated, and incubated with shaking at 30° 
for the desired experimental period. Under these conditions no 
changes detectable by paper chromatography occurred in the pyr- 
idoxamine of the uninoculated medium after 5 days of incubation 
with shaking. 


RESULTS 


Growth on Pyridoxamine—A typical growth curve obtained on 
the pyridoxamine medium is shown in Fig. 2. Maximal growth 
coincides with nearly complete destruction of pyridoxamine as 
evidenced by the decreased absorption at 260 and 320 mu. The 
presence of residual metabolites is indicated by the small but 
distinct increase in absorption at 260 my that occurs late in the 
incubation period, and by paper chromatography which showed 
the presence of several new 3-hydroxypyridines and other com- 
pounds detectable by spraying with 2,6-dichloroquinonechlor- 
imide or by examination under ultraviolet light (1). These 
compounds accumulated to a much smaller extent than those 
observed during oxidative degradation of pyridoxine (1) and ap- 
peared at maximal concentrations near the point of maximal 
growth. The chromatographic and spectral characteristics of 
each of these metabolites, determined with the pure substances, 
are shown in Table I. 

Isolation of Metabolites—Six 2.8-liter Fernbach flasks, each con- 
taining one liter of pyridoxamine medium, pH 7.0, were inocu- 
lated and incubated with shaking for 48 to 56 hours. The 
cultures were centrifuged and the cells were discarded. The su- 
pernatant medium was evaporated to 200 to 300 ml at a bath 
temperature of 50° and then applied to a 4.5 < 50 em column 
of Dowex 1-formate. The metabolites were eluted by water and 
increasing concentrations of formic acid in a manner similar to 
that already described (1). However, the metabolites of pyri- 
doxamine were in general more acidic than those of pyridoxine 
so that larger volumes and higher concentrations of acid were 
required for their elution. The elution of the metabolites was 
followed by measurement of their ultraviolet absorption with a 
rapid-scanning recording spectrophotometer. 

Several different 6-liter batches of growth medium were proc- 
essed in this way. These varied slightly in incubation time and 
in quantitative yield of individual metabolites; the qualitative 
pictures, however, were similar in all instances. A typical elu- 
tion diagram is given in Fig. 3. All of the numbered fractions 
except Fraction 2 contained single compounds, as indicated by 
paper chromatography. The peak tubes of each such fraction 
were combined and evaporated to dryness at 50°. The residues 
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Fig. 1. Comparison of the oxidative degradation of pyridoxine 
(A to E) by Pseudomonas sp. IA with that of pyridoxamine (I to 
VIII) by Pseudomonas sp. MA. 


so obtained usually were crystalline and only slightly colored. 
They were recrystallized from boiling water after decolorization 
with activated carbon (Darco G-60). 

Characterization of Metabolites—The compounds isolated from 
the individual fractions will be discussed in the order of their 
occurrence in the degradation of pyridoxamine, as indicated by 
their oxidation states (see Fig. 1). Fraction 1 proved to be re- 
sidual pyridoxamine (J, Fig. 1), as indicated by its spectrum, chro- 
matographic properties, and color with ninhydrin. 

1. Fraction 2 (Pyridoxal, II)—This peak, usually very small, 
contained at least 5 components separable by paper chromatog- 
raphy. Because the amounts present were minute, none of these 
has been identified. However, in one lot of medium from which 
cells were harvested earlier than usual (at 42.5 hours), this fraction 
was unusually prominent. Its peak tube had absorption maxima 
at 289 my (0.1 N HCl) and 390 my (0.1 n NaOH) characteristic 
of pyridoxal and was free of pyridoxamine. From the known 
extinction coefficient (8) the calculated concentration of pyri- 
doxal was 191 wg per ml. Microbiological assay with Lactoba- 
cillus casei, specific for pyridoxal (9), gave a value of 179 ug per 
ml. Paper chromatograms of the compound from this peak tube 
and of the same sample treated with hydroxylamine showed sin- 
gle zones identical in Rr value with those of pyridoxal and its 
oxime. 

2. Fraction 3 (4-Pyridoxic Acid Lactone, IIT)—This compound 
was present in too small an amount for recrystallization. Its 
chromatographic properties and ultraviolet spectrum were iden- 
tical with those of authentic 4-pyridoxic acid lactone. The latter 
compound fluoresces strongly at 450 my in slightly alkaline so- 
lution (10); its fluorescence spectrum was determined with the 
Aminco-Bowman spectrophotofluorometer and proved identical 
with that of the unknown. Delactonization of the unknown by 
heating at 100° for 5 minutes in 1 n KOH destroyed this fluores- 
cence, but the hydrolyzed material now fluoresced at acid pH in 
a manner identical to that of authentic 4-pyridoxic acid. These 
properties establish the unknown to be 4-pyridoxic acid lactone. 

3. Fraction 5 (4-Pyridoxic Acid, I1V)—This compound was usu- 
ally present in jarge ‘amounts, especially during early phases of 
growth. It migrated on paper like authentic 4-pyridoxic acid, 
but was contaminated with traces of the lactone probably formed 
during evaporation of the acidic fractions to dryness. It was 
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purified by dissolving in a slight excess of KOH, decolorizing with 
charcoal, and precipitating with hydrochloric acid. After sev- 
eral reprecipitations it was obtained as a white powder. 


CsHyNO, 
Calculated: C 52.41, H 4.95, N 
Found: 


7.65, Formula weight 183 
C 51.91, H 4.62, N 7.47, Neutral equivalent 176 


Its ultraviolet spectra in acid, neutral, and alkaline solution, its 
infrared spectrum, and its fluorescence in slightly acid solution 
were identical with those of authentic 4-pyridoxic acid. Treat- 
ment with dilute HCl at 100° converted the compound to its 
lactone. The compound is thus 4-pyridozic acid. 

4. Fraction 7 (2-Methyl-3-hydroxy-5-formylpyridine-4-carbox- 
ylic Acid, V)—(a) Preliminary characterization. Only very small 
amounts of this hitherto unknown compound were isolated from 
growth media, and preliminary characterization depended largely 
upon paper chromatographic methods. It retained the 3-hy- 
droxypyridine nucleus as evidenced by reaction with 2 ,6-dichlo- 
roquinone-chlorimide. It also reacted with 2,4-dinitrophenyl- 
hydrazine and with hydroxylamine and hence contained a 
carbonyl grouping. Since it was eluted from Dowex 1-formate 
only by 3 m formic acid, it was presumed to retain a strongly acidic 
carboxyl group and was tentatively assumed to be 2-methyl-3- 
hydroxy-5-formylpyridine-4-carboxylic acid. This supposition 
was confirmed by its reduction with aqueous sodium borohydride 
to yield a compound identical in chromatographic properties and 
ultraviolet spectrum with 4-pyridoxic acid. Oxidation in the 
dark at room temperature with an excess of silver oxide yielded 
a compound which, in accordance with expectation, behaved 
identically on paper chromatograms with a check sample of syn- 
thetic (11) 2-methyl-3-hydroxypyridine-4,5-dicarboxylic acid 
and also with the compound present in Fraction 8 from the resin 
column. 

(6) Production of Compound V from 4-Pyridoxic Acid by 
Resting Cells of Pseudomonas sp. MA. The oxidation state of the 
tentatively characterized Compound V suggested that it should 
be formed from 4-pyridoxic acid. Resting cells of Pseudomonas 
sp. MA did form the compound from 4-pyridoxie acid, but as in 
growing cultures there was little accumulation of it. 
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Fic. 2. The relationship of growth (cell yield) of Pseudomonas 
sp. MA to spectral changes (OD) and ammonia production. Pyri- 
doxamine (4.2 umoles per ml) was the sole source of carbon and 
nitrogen. 
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TaBLe [ 
Chromatographic and spectral properties of pyridoxamine and its metabolites 
Chromatograms were run on Whatman No. | paper by the ascending technique with the use of either Solvent A, tert-amyl alcohol- 
acetone-water-diethylamine (40:35:20:5) or Solvent C in which benzylamine is substituted for the diethylamine of A. The chroma- 
tograms were then examined under ultraviolet light and sprayed with 2,6-dichloroquinonechlorimide (1). All of the compounds 
fluoresced under ultraviolet light except one which quenched and is designated by Q. The colors of the fluorescence are yellow, Y, 
bright blue, BB, dark blue, DB, and blue, B. Dichloroquinonechlorimide gives a blue color (B) with all of the 3-hydroxypyridines, 
but some fade more rapidly than others. Those which fade rapidly to brown are indicated by ~ Br. Benzylamine in Solvent C inter- 
feres with the use of dichloroquinonechlorimide. Fluorescent colors in this solvent system resemble those in Solvent A except for 


Compound V which gives a yellow color. 






































Solvent A Ultraviolet spectrum 
— 
Guaieind Fluorescence | Coot srith 0.1 « HCl | pH 7.0 | 0.1 NaOH 
* =n quinonechlor- ad | aw X | | am X | ame x 
imide Rr Amax | “49-3 | Amax | 10-8 Amax 10-3 
mp j my | my 
A. Pyridoxine* B B 0.36 0.58 291 8.6 | $24 | 7.2 | 310 6.8 
232 | 2.1 | 254 | 3.9 | 245 | 6.3 
I. Pyridoxamine* DB B 0.73 0.72 292 8.2 | 326 | 7.9 | 310 7.2 
226 2.0 | 252 4.5 245 6.2 
Il. Pyridoxal* Y | B 0.68 0.87 288  9.0| 317 | 8.9 | 304 | 1.7 
| 252 | 5.8 | 301 6.0 
| | | 20 | 8.9 
III. 4-Pyridoxic acid lactone mw hy 0.51 | 0.46 316 | 7.6 | 356 | 8.0 
| 253 3.6 
IV. 4-Pyridoxic acid BB | B—Br 0.71 | 0.66 317 6.1 316 | 6.0 308 7.2 
| 247 6.4 
V. 2-Methyl-3-hydroxy-5-formyl- | | | | 364 5.3 
pyridine-4-carboxylic acid B | B 0.77 | 0.78 316 5.9 | 320 | 5.3 | 249 15.7 
VI. 2-Methyl-3-hydroxypyridine-4, 5-di- | | 
carboxylic acid BB | B->Br| 0.2 | 0.31 303 | 6.6 | 314 | 5.7 | 318 | 6.9 
VII. 2-Methyl-3-hydroxypyridine-5- | | 298 8.6 | 327 | 4.2 317 | 6.4 
carboxylic acid DB | B— Br 0.18 0.47 241 3.7 | 289 | 4.0 256 | 6.2 
| 256 | 4.2 | 
VIII. a-(N-Acetylaminomethylene) -suc- | | | 
cinic acid Q | None 0.14 0.15 265 21,3 } 2h -| 17.6 | Wl } WS 
2-Methyl-3-hydroxy-5-hydroxy- | | | 
methylpyridine hydrochloride B 0.41 0.69 291 8.8 | 318 | 6.1 304 6.9 
| 226 2.9 292 2.9 | 243 | 8.3 
| | 252 | 4.6 | 











* Spectral data (except for pyridoxal in 0.1 M NaOH) are taken from Metzler, D. E., and Snell, E. E., J. Am. Chem. Soc., TT, 2431 
(1955). The neutral pH in this case is 6.8 for pyridoxine, 6.7 for pyridoxamine, and 6.9 for pyridoxal. 


Although Compound V and 4-pyridoxic acid have similar Rp 
values in Solvent A (1), the former compound was detected 
without interference as a bright yellow fluorescent spot (prob- 
ably the Schiff base) when the diethylamine of Solvent A was 
replaced by benzylamine (Solvent C), and the chromatograms 
were viewed under ultraviolet light. Pyridoxal interferes, but 
gives an orange spot and was not formed from 4-pyridoxic acid. 
Solvent system C, in conjunction with Solvent A, permits chro- 
matographic separation and identification of all of the metabo- 
lites of pyridoxamine (Table I). 

By use of Solvent C for chromatography, addition of sodium 
bisulfite to cell suspensions metabolizing 4-pyridoxic acid was 
found to lead to accumulation of Compound V. Amounts of 
Compound V sufficient for analysis were obtained from an in- 
cubation medium prepared by dissolving 624 mg of sodium 
bisulfite and 1.1 g of 4-pyridoxic acid in 600 ml of 0.1 m potas- 
sium phosphate buffer, and adjusting to pH 7.0. Lyophilized 
cells (4.44 g) of Pseudomonas sp. MA, harvested from 18 liters of 
the pyridoxamine medium after 48 hours of incubation, were 


added. The suspension was placed in a 2.8-liter Fernbach 
flask and incubated with shaking at 30°. Progress of the oxida- 
tion was checked at intervals by determination in aliquots di- 
luted with 0.1 n NaOH of the absorbancy at 308 mu (maximum 
for 4-pyridoxic acid, Table I) and at 364 my (maximum for 
Compound V). After 12 hours, when the latter value exceeded 
the former, the cells were removed. The harvested cells were 
reused in the same manner three additional times. Good yields 
of Compound V were obtained from the second and third incu- 
bations; the fourth resulted in only partial conversion of 4-pyri- 
doxic acid to the desired product. 

The four supernatant solutions were combined, reduced to 
320 ml by evaporation at 50°, and passed over a 4.5 X 50 cm col- 
umn of Dowex 1-formate. The column was eluted in the usual 
way. Fraction 4 was eluted as usual by 1.0 m formic acid and 
a large amount of unchanged 4-pyridoxic acid was stripped from 
the column by 2 m formic acid. This compound was followed 
by an unusually large amount of Fraction 6, indicating that bi- 
sulfite might also inhibit the further metabolism of Compound 
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VIII. However, Compound V (Fraction 7) could not be 
eluted as a discrete peak with either 3 m or 5 m formic acid but 
instead was distributed throughout a long series of tubes. A 
small amount of Fraction 8 came off at its usual place, admixed 
with some Compound V. The column was finally stripped of 
adsorbed compounds with 1 Nn HCl. The remaining Compound 
V came off in a large peak. The odor of sulfur dioxide was 
quite strong, and it is probable that this unexpected “streaking”’ 
was caused by a slow decomposition of the bisulfite addition 
compound which was tightly bound by the resin. 

(c) Final Analysis of Compound V. Crystalline Compound V 
was readily obtained from the pooled residues containing both 
the free compound and its bisulfite addition complex by extract- 
ing it with boiling water, treating with a small amount of carbon, 
filtering, and cooling. The compound yellows upon recrystal- 
lization from hot water unless carbon is used. It darkened at 
245°, but birefringent crystals were still present at 340°. 


CsH;NO, 
Calculated: C 53.04, H 3.90, N 7.73, Formula weight 181 
Found: C 53.08, H 4.29, N 7.67, Neutral equivalent 191 


The compound was dissolved in dilute sodium bicarbonate, 
and a slight excess of a solution of semicarbazide hydrochloride 
was added. The semicarbazone precipitated immediately. It 
was extremely insoluble in water, but was recrystallized by 
dissolving it in a slight excess of sodium hydroxide, diluting to 
a concentration of 200 mg per 100 ml, heating to boiling, and 
then adding an excess of hydrochloric acid. The minute, light 
yellow needles which formed had no decomposition point; they 
merely charred above 300°. 


CoHioN.0, 
Calculated: C 45.39, H 4.23, N 23.53 
Found: C 45.26, H 4.23, N 23.68 


Formation of Compound V from 4-pyridoxic acid and its 
reduction by sodium borohydride to the latter compound, its 
oxidation to the corresponding dicarboxylic acid, the formation 
of derivatives with carbonyl reagents, and analysis of the free 
compound and its semicarbazone suffice to establish the struc- 
ture of Compound V as 2-methyl-3-hydroxy-5-formylpyridine-4- 
carboxylic acid. 

5. Fraction 8 (2-Methyl-3-hydroxrypyridine-4 ,5-dicarboxylic 
Acid, VI)—Since this compound was eluted from Dowex 1-for- 
mate only by 5 m formic acid, it was strongly acidic. It was 
found in fairly large amounts at the point of maximal growth 
of the culture, but disappeared rapidly with continued incuba- 
tion. This disappearance was accompanied by an increased 
accumulation of Fraction 4. 

Compound VI was recrystallized from boiling water. De- 
colorization with carbon gave colorless prisms which titrated as 
a dicarboxylic acid. 


CsH;NO; 
Calculated: C 48.74, H 3.58, N 7.11, Formula weight 197 
Found: C 48.75, H 3.30, N 7.26, Neutral equivalent 97 


The compound reacted with 2,6-dichloroquinonechlorimide as a 
3-hydroxypyridine, and hence must be 2-methyl-3-hydroxy- 
pyridine-4,5-dicarboxylic acid. A synthetic sample of the 
latter compound (11), kindly provided by Dr. E. C. Kornfeld, 
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Fic. 3. Pattern of elution of metabolites from the Dowex 1- 


formate column. The concentrated growth medium from 6 liters 
of a 56-hour culture was applied to the column (see text). 


was identical with compound VI in paper chromatographic 
behavior, infrared spectrum and ultraviolet spectra in 0.1 N 
HCl, 0.1 m potassium phosphate buffer (pH 7.0), and 0.1 Nn 
NaOH. Decomposition points of the unknown (269-270°) and 
of the synthetic sample (267-8°) were the same, and no depres- 
sion occurred upon mixing (268-270°). 

6. Fraction 4 (2-Methyl-3-hydroxypyridine-5-carborylic Acid, 
VII)—This metabolite was generally present in large amounts, 
especially late in the growth of the organism. It was easily 
recrystallized from water to give small colorless needles which 
darkened without melting at 320° and sublimed at 325° (un- 
corrected) leaving some charred residue. 


C;H;NO; 
Calculated: C 54.90, H 4.61, N 9.15, Formula weight 153 
Found: C 54.67, H 4.81, N 9.28, Neutral equivalent 149 


Since the compound gave a characteristic blue color with 
2,6-dichloroquinonechlorimide, it was assumed to retain the 
3-hydroxypyridine nucleus. The above analysis corresponds to 
a monocarboxylic acid with one less carbon atom than pyri- 
doxamine. Since the amount of this product present in culture 
fluids increases while that of Compound VI decreases, Com- 
pound VII was assumed to arise from Compound VI by de- 
carboxylation. Whether the carboxyl group was at position 4 
or 5 was not known. However, since both Compound VII and 
5-pyridoxic acid (D, Fig. 1) are eluted from Dowex 1-formate 
by 0.1 m formic acid (cf. (1)), whereas 4-pyridoxic acid (Com- 
pound IV) is removed only by 2 m formic acid (Fig. 3), the 
carboxyl group was tentatively assumed to occupy position 5 
of the pyridine nucleus, the structure corresponding to 2-methyl- 
3-hydroxypyridine-5-carboxylic acid. Although this compound 
was hitherto unknown, the corresponding alcohol, 2-methy]-3- 
hydroxy-5-hydroxymethylpyridine, has been synthesized (12) 
and was available for comparison. Compound VII was con- 
verted to the alcohol by esterification and reduction, as described 
by Jones and Kornfeld (11) for the synthesis of pyridoxine from 
2-methyl-3-hydroxypyridine-4, 5-dicarboxylic acid. Compound 
VII (214 mg) was refluxed for 15 hours with dry methanolic 
HCl. Distilled water and sufficient sodium bicarbonate to 
neutralize the HCl were then added, and the solution was re- 
duced to 25 ml by evaporation at 40°. The concentrated solu- 
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Fic. 4. Absorption spectra of samples of 2-methyl-3-hydroxy- 
5-hydroxymethylpyridine prepared by three independent meth- 
ods. Curve A, check sample of 2-methyl-3-hydroxy-5-hydroxy- 
methylpyridine (12); Curve B, reduced methyl ester of Compound 
VII; Curve C, decarboxylation product of 4-pyridoxic acid. 
Slightly different concentrations of the three samples were ex- 
amined to show identity of the absorption maxima. 


tion was extracted five times with 30-ml portions of ethyl 
acetate, and the combined extracts, after being dried over anhy- 
drous sodium sulfate, were evaporated to dryness to yield 156 
mg of the crude ester. Recrystallization from boiling ethyl 
acetate yielded white rectangular platelets of the methyl ester 
of VII, m.p. 239-240°. 


CsH NO; 
Calculated: C 57.48, H 5.43, N 8.38 
Found: C 56.90, H 5.39, N 8.27 


For reduction, the crude ester (156 mg) was placed in the 
thimble of a Soxhlet apparatus and extracted for 36 hours into 
a suspension of 1 g of lithium aluminum hydride in 200 ml of 
anhydrous ether. Excess reductant was decomposed with 
water, and the precipitated aluminum hydroxide removed by 
filtration. The remaining ether-water mixture was evaporated 
to dryness, and the residue extracted five times with 10-ml 
portions of boiling absolute ethanol. A little 6 Nn HCl was 
added to the combined ethanol extracts, which were then evapo- 
rated to dryness. The resulting tan oil crystallized upon tritu- 
ration with absolute ethanol. The crude hydrochloride was 
dissolved in 1.5 ml of boiling absolute ethanol and decolorized 
with a little carbon. The hydrochloride of the reduction prod- 
uct, 2-methyl-3-hydroxy-5-hydroxymethylpyridine, was pre- 
cipitated from solution by the slow addition of 10 ml of ether. 
After four reprecipitations, 39 mg of white solid melting at 
169-172° (literature 168-170° (12)) were obtained. 


C;H,NO:-HCl 
Calculated: C 47.87, H 5.74, N 7.98, Cl 20.19 
Found: C 47.67, H 5.64, N 8.03, Cl 20.18 
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As a final check on the structure of the derivative, it was 
obtained in low yield by thermal decarboxylation of 4-pyridoxic 
acid. 4-Pyridoxic acid lactone (786 mg) was dissolved in 100 
ml of 0.4 m NaOH! and heated in a sealed tube at 166-8° for 
24 hours. The solution was acidified, filtered, and the product 
purified as described above. The product obtained (24 mg) 
was identical in paper chromatographic properties (Table I) 
and in ultraviolet spectrum (Fig. 4) with synthetic 2-methyl-3- 
hydroxy-5-hydroxymethylpyridine prepared by an independent 
route by McElvain et al. (12) and with the product resulting 
from esterification and reduction of Compound VII. The latter 
compound is thus 2-methyl-3-hydroxypyridine-5-carboxylic acid. 

7. Fraction 6 (a-(N-Acetylaminomethylene)-succinic Acid, 
VIII)—This compound, always present in a small amount, 
was most prominent late in the growth period. Only 10 to 20 
mg were obtained from each 6-liter batch of medium. These 
fractions were pooled and combined with the corresponding 
fractions obtained from the bisulfite-inhibited oxidation of 
4-pyridoxic acid. Compound VIII was recrystallized by sus- 
pending it in ethyl acetate, adding just sufficient ethanol to 
bring it into solution, then slowly adding petroleum ether. 
The recrystallized compound was a dicarboxylic acid and melted 
at 193-196° with decomposition. 


C;H,NO; 
Calculated: C 44.92, H 4.85, N 7.48, Formula weight 188 


Found: C 44.13, H 5.43, N 7.63, Neutral equivalent 95 


Its absorption spectrum showed a maximum near 260 my which 
was almost independent of pH (Table 1). The compound did 
not react with 2,6-dichloroquinonechlorimide, and on paper 
chromatograms it was seen to quench rather than to fluoresce 
under ultraviolet light. These properties parallel exactly 
those of pyriconic acid (Z£, Fig. 1), reported previously as a 
product of the metabolism of pyridoxine (2) and formed by 
oxidative cleavage of the ring of 5-pyridoxic acid. Analysis of 
Compound VIII is compatible with its formation by a similar 
process from Compound VII. On this assumption, its structure 
should differ from that of pyriconic acid only in the absence of 
the hydroxymethyl group in the a-position, and it should yield 
on acid hydrolysis equimolar amounts of acetic acid, ammonia, 
carbon dioxide, and succinic semialdehyde. The compound 
proved labile in acid; its half life in 0.1 N sulfuric acid at 100° 
was 11 minutes as determined by the decrease in absorbance at 
260 mu. Quantitative determinations of the expected hydro- 
lytic products were made in independently hydrolyzed samples 
of Compound VIII. NHs was determined by Nesslerization, 
carbon dioxide by trapping the evolved gas in sodium hydroxide 
then releasing it with acid and measuring the evolved gas mano- 
metrically, and acetate by a specific microbiological method? 
after chromatographic demonstration of its presence in hydroly- 


sates. These products were formed in the following molar 
ratios: NH3, 0.85, 1.07; acetate, 1.09, 0.93; carbon dioxide, 
0.85. 


A nonvolatile acid that chromatographed as succinic semi- 
aldehyde was present in hydrolysates of Compound VIII. For 


1 Decarboxylation of 4-pyridoxic acid in acidic solutions did not 
occur, apparently because of lactone formation. 

2 Acetate was determined with Lactobacillus 30a, which has a 
specific requirement not satisfied by either lipoic or mevalonic 
acid, for this compound (B. M. Guirard and E. E. Snell, unpub- 
lished). 
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further identification, 8.74 mg of Compound VIII were hydro- 
lyzed by refluxing with 10 ml of 0.1 N sulfuric acid for 2 hours. 
The hydrolysate was treated with 2 ml of saturated 2 ,4-dinitro- 
phenylhydrazine in ethanolic HCl. Of the 2,4-dinitrophenyl- 
hydrazone, 8 mg (67% of the theoretical amount) crystallized 
slowly in long, fine needles. After recrystallization from boiling 
ethanol the derivative melted at 202-205°. Authentic succinic 
semialdehyde 2,4-dinitrophenylhydrazone, prepared after oxida- 
tion of glutamic acid with chloramine-T (13), melted at 201-205°, 
and there was no depression of the mixed melting point. The 
two derivatives showed identical infrared spectra and chromato- 
graphic behavior. Each yielded y-aminobutyric acid, as deter- 
mined by paper chromatography, on reduction with hydrogen 
over platinum oxide. With the use of the authentic 2, 4-dinitro- 
phenylhydrazone of succinic semialdehyde as standard and 
application of the keto acid procedure of Friedemann and 
Haugen (14), the amount of succinic semialdehyde found in 
two independent hydrolysates of Compound VIII was 90 and 
97% of theoretical. These findings establish Compound VIII 
as a-(N-acetylaminomethylene)-succinic acid. In agreement with 
this structure, but in contrast to pyriconic acid, Compound 
VIII is optically inactive. This observation confirms the 
position of the double bond previously arrived at for pyriconic 
acid (2). 


DISCUSSION 


The sequence of steps in the bacterial oxidation of pyridox- 
amine and pyridoxine presented in Fig. 1 appears reasonably 
certain from the oxidation states of the compounds isolated. 
However, little information is available about the exact nature 
of the enzymatic events, and it is possible (if unlikely) that 
certain of the isolated products represent stabilization products 
of the true intermediates. It is probable that both 4-pyridoxic 
acid and its lactone are intermediates, since the free acid would 
appear to be required for the next oxidative step, and in 
preliminary experiments with both cell-free extracts and washed 
cells, pyridoxal is converted to 4-pyridoxic acid lactone, but 
4-pyridoxic acid is not. 

Although different intermediates are involved, the oxidation 
of pyridoxamine by Culture MA resembles in several respects 
that of pyridoxine by Culture IA. Thus transformation of 
IV to V (Fig. 1), of V to VI, and of VII to VIII is entirely analo- 
gous to conversion of A to B, of B to D, and of D to E, respec- 
tively. The cleavage of the pyridine ring occurs between carbon 
atoms 2 and 3 adjacent to a meta hydroxyl group in each case 
and also in the cleavage of 2,5-dihydroxypyridine during the 
oxidation of nicotinic acid by another strain of Pseudomonas 
(15). Unlike degradation of pyridoxine by Culture IA, which 
proceeds by an entirely different pathway from that observed 
in animals, the initial steps in the bacterial and mammalian 
oxidation of pyridoxamine are similar, and lead in each instance 
through pyridoxal to 4-pyridoxic acid. Further oxidation of 
the latter has not been observed in mammalian systems (10). 
Just as broken cell preparations of Culture IA hydrolyze pyri- 
conic acid (2), so similar preparations of Culture MA hydrolyze 
Compound VIII,’ presumably to the same readily metabolized 
products formed by acid hydrolysis (Fig. 1). 

It was reported previously that Culture MA grew with pyri- 
doxamine as substrate, but not with pyridoxal or pyridoxine 
(1). The finding that pyridoxal is apparently an intermediate 


3R. W. Burg and E. E. Snell, unpublished observations. 
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in utilization of pyridoxamine is not incompatible with this 
result, since under these conditions pyridoxal is formed contin- 
uously in low concentration, but never accumulates in the 
amounts (0.1 to 0.2%) which failed to permit growth in the 
earlier trials. In accordance with this view, cultures of MA to 
which small amounts (0.001%) of pyridoxal are added together 
with pyridoxamine (0.099%) grew normally, and the pyridoxal 
concentration at the end of 9 hours was substantially below 
that added initially. On initial subculture, Culture MA again 
failed to grow well in media containing pyridoxine as sole 
source of carbon and nitrogen. By subculture of the scanty 
growth obtained, however, a culture was obtained that utilized 
pyridoxine in place of pyridoxamine as a growth substrate. 
Chromatograms of the spent medium from cultures of MA grown 
with pyridoxine revealed several of the same intermediates (Com- 
pounds IV, V, VI, and VII) found when pyridoxamine was the 
substrate. None of the intermediates formed by Culture IA 
from pyridoxine were seen. Thus two distinct pathways exist 
for the degradation of pyridoxine to acyclic products in bacteria. 


SUMMARY 


The pathway of oxidation of pyridoxamine by a soil isolate, 
Pseudomonas sp. MA, that utilizes this compound as a sole 
source of carbon and nitrogen has been investigated. Procedures 
for the detection, isolation, and characterization of seven ap- 
parently intermediate compounds are described. From the 
sequence of appearance of these compounds in the culture 
medium and from their oxidation states, the following metabolic 
pathway is inferred (cf. Fig. 1). 

Pyridoxamine (I) — pyridoxal (II) — 4-pyridoxic acid lactone 
(III) — 4-pyridoxic acid (IV) — 2-methyl-3-hydroxy-5-formyl- 
pyridine-4-carboxylic acid (V) — 2-methyl-3-hydroxypyridine- 
4,5-dicarboxylic acid (VI) — 2-methyl-3-hydroxypyridine-5- 
carboxylic acid (VII) — a-(N-acetylaminomethylene)-succinic 
acid (VIII) -— — CO. + NHs. 
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Unlike the usual “kinase” reaction between ATP and an alco- 
hol, pyruvate kinase catalyzes phosphate transfer to an oxygen 
which in the substrate, pyruvate, is in carbonyl linkage. It is of 
particular interest to ask whether enolization of pyruvate occurs 
sufficiently rapidly under physiological conditions so that the 
true substrate for the enzyme may be the enol form of pyruvate. 
In the work reported below it is shown that this rate is far too 
slow to account for the formation of phosphoenolpyruvate. 

If the enzyme must catalyze the enolization of pyruvate, how 
is this process related to the phosphorylation reaction? One 
might imagine that it is completely dependent on it, much as 
the decarboxylation of malate by malic enzyme is dependent on 
reduction of TPN. Enzyme reactions in which an enolization 
step might be expected to precede a second reaction have been 
found to be dependent on the presence of the second substrate, 
as in the condensing enzyme reaction (1,2). On the other hand, 
the reactions catalyzed by aldolase (3) and TPN-specific isocitric 
dehydrogenase (4) are known to occur by a preliminary activation 
of hydrogen a to a carbony] group in the absence of the reaction 
partner, p-glyceraldehyde 3-phosphate and COz, respectively. 

For the phosphorylation of pyruvate, ATP, Mgtt, and Kt 
are required. What is the effect of these components on the 
enolization reaction, and how does the enolization rate compare 
with the net phosphorylation? To answer these questions a 
study of the activation of the methyl hydrogens of pyruvate was 
performed by measuring the rate of detritiation of 8-T pyruvate. 
The results show that enolization (hereafter, “enolization” and 
detritiation will be assumed to be synonymous) can, under cer- 
tain conditions, be promoted by the enzyme in the absence of 
phosphorylation, but that all of the components necessary for 
the over-all reaction are also required for enolization. A number 
of anions are shown to replace ATP in the exchange reaction and 
the specificity requirements and mode of actions of these are 
considered. 

Finally, kinetic data are given for substrate specificity and 
for the interaction of pyruvate and ATP with the enzyme. 
These data, although referable to a different reaction (detritia- 
tion) are difficult to obtain by studies of the net phosphorylation 
of the a-keto acid because of the rather unfavorable equilibrium 
of that reaction. 

A preliminary account of this work has appeared (5). 


EXPERIMENTAL 
Materials and Methods 


Preparation and Assay of Enzymes—The pyruvate kinase 
used in the initial studies was obtained from C. F. Boehringer 


*Supported by Grant A-912 of the National Institutes of 
Health, United States Public Health Service. 


and Sons. Later preparations were made by the method of 
Tietz and Ochoa (6), in which fluorokinase and pyruvate kinase 
are purified together. Although crystals were not obtained, the 
specific activity corresponded to that reported for the twice 
crystallized enzyme (6). The preparation is free of ATPase, 
lactic dehydrogenase, pyrophosphatase, and phosphomonoes- 
terase. However, when sufficient enzyme is used, it responds 
in the test for adenylate kinase used by Tietz and Ochoa. The 
ratio of pyruvate to adenylate kinase is about 5000 to 1. 

The standard conditions for the assay of pyruvate kinase ac- 
tivity are: 1 ml contained bovine serum albumin (1 mg), MgCl, 
(8 umoles), KCl (120 umoles), P-enolpyruvate (0.5 umole), ADP 
(1 umole), triethanolamine-hydrochloride pH 7.0 (100 umoles), 
lactic dehydrogenase (0.6 unit), and DPNH (about 0.1 umole). 
A unit of activity is taken as that amount which produces 1 
umole of DPN per minute. When less than 0.01 unit of enzyme 
is used a linear initial rate is obtained. The specific activity of 
the enzyme prepared from rabbit muscle was about 450 units 
per mg. 

The lactic dehydrogenase used in these assays was a kind gift 
of Dr. Erwin Landon, Department of Pharmacology, Yale Uni- 
versity. It was prepared from pigeon kidney! and was found to 
be free of pyruvate kinase. A unit of activity is that amount 
which reduces 1 ywmole of pyruvate per minute with DPNH. 

Chemicals—Tritiated pyruvate, phenyl pyruvate, a-ketoglu- 
tarate, and a-ketobutyrate were prepared as follows. The 
mono- or disodium salt of the analytically pure acid was dissolved 
in tritiated water to a concentration of about 1 m and sealed in 
a tube under reduced pressure. The tube was heated at 122° 
(in an autoclave) for 15 minutes. The tritiated compound was 
isolated by ion exchange fractionation on Dowex 1-Cl-, with 
0.05 to0.1N HCl. Characterization and assay of the radioactive 
peak were performed with lactic and glutamic dehydrogenases. 
Recoveries were about 50%. The specific activities found were 
those expected for equilibration of all hydrogens a to the car- 
bonyl group with hydrogens of water. All the counts initially 
present in pyruvate were found to be exchangeable in the com- 
plete pyruvate kinase system and half of those in a-ketoglutarate 
were exchanged in the complete isocitric dehydrogenase system 
(4). These results are consistent with considerations of enzyme 
stereospecificity (7). In calculating umoles of pyruvate that 
have turned over from counts that have exchanged out of B-T 
pyruvate it is necessary to divide by 3 the micromolar specific 
activity of pyruvate. 

P-Enolpyruvate (California Foundation) was used as such 
for enzyme assays or freed of cyclohexylamine by passing through 
a short Dowex 50-H* column. It was assayed either enzymat- 


1E. Landon, unpublished procedure. 
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ically by the coupled pyruvate kinase and lactic dehydrogenase 
system with excess ADP, or chemically by the alkaline iodine 
method (8) which liberates orthophosphate. This treatment was 
followed by the Berenblum and Chain extraction and assay of 
phosphate with SnCl, (9). The method permitted the measure- 
ment of 0.01 umole of P-enolpyruvate in the presence of much 
greater amounts of ATP. 

All phosphomonoesters, diesters, and triesters of aliphatic al- 
cohols were synthesized by treating the appropriate alcohol with 
the calculated amount of POC];. After removal of P; with Ba**, 
the desired product was usually obtained as the barium salt and 
further purified by ion exchange. Other compounds were pre- 
pared as noted: potassium phosphoamidate (10), tripolyphos- 
phate (11), and n-butylarsonic acid (12). ADP and ATP were 
purified by ion exchange (13). Other compounds were obtained 
commercially and used without further purification. 

Isotope Determinations—The technique for counting tritium 
by liquid scintillation counting was that previously reported (3) 
in which the toluene-ethanol-water mixture was used. The con- 
version of O"8 of phosphate to CO, was by the method of Williams 
and Hager (14). The guidance and assistance of Mr. Everly B. 
Fleisher of the Department of Chemistry, Yale University, in 
performing the mass analyses is greatly appreciated. 


RESULTS 


Components of Net Phosphorylation Reaction Required for Enoli- 
zation—The first experiment was designed to determine what 
components of the complete reaction system are necessary to 
obtain detritiation of 8-T pyruvate. In Table I are the results 
obtained with the complete system and with incubations lacking 
in one of the components: Mg**+, K+, ATP, or enzyme. The 
procedure used in determining the extent of detritiation of 
pyruvate was the following. To the tube containing the incuba- 
tion mixture at 30 minutes is added 0.35 ml of water and the 
solution is transferred to a short bed of Dowex 1-Cl- resin. The 
column is allowed to drain completely and then three additions 
of 0.5 ml of water are allowed to pass through. The combined 
effluent and wash was counted, usually 0.5 ml, and thus the total 
counts in the water were determined. 

It will be noted that in the absence of enzyme about 3% of 
the counts initially present in the substrate are found in the 
effluent of the anion exchange resin. These are distillable from 
a phenylhydrazine solution and are taken to be a measure of 
the nonenzymatic exchange of the methyl hydrogens of pyru- 
vate. This same low amount of detritiation is shown in all the 
tubes except that containing all of the components necessary for 
the net phosphorylation of pyruvate. Since net phosphorylation 
and its reversal must result in labilization of the 6-hydrogens of 
pyruvate, this result leads to the conclusion that enolization of 
pyruvate is not catalyzed by the enzyme in the absence of any 
of the components for phosphorylation. It is also clear that 
spontaneous enolization of pyruvate is not sufficiently rapid to 
be considered a possible component reaction of the over-all mech- 
anism. 

To explain this dependence of enolization upon the conditions 
for phosphorylation one might suppose that phosphate transfer 
is a necessary part of the enolization process. Numerous studies 
of “kinase” reactions have led to the hypothesis that P—O 
bond cleavage in ATP occurs in synchrony with substrate phos- 
phorylation (15). This is suggested by the inability to demon- 
strate exchange between ADP and ATP in the absence of sub- 
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TABLE I 
Cofactors for enolization of pyruvate 
The complete system contains in 0.15 ml the following (in 
umoles) : triethanolamine-hydrochloride, pH 8 (30), 8-T pyruvate, 
266,000 c.p.m. (1), ATP (0.2), MgCl. (1), KCl (12), and 7 units of 
enzyme. Incubated 30 minutes at 37°. 








Conditions c.p.m, in water X 107% 
Complete............... 72.0 
SS PVM a 6. sis sceneries | 6.8 
Sh 2.2, win Migs dina e's 72 
— Mg**....... | 5.3 
ET - vivecxasottantiens | 10.0 





TaBLeE II 
Replacement of ATP in enolization reaction 
Each tube contains in 0.15 ml the following (in wmoles): trietha- 
nolamine, pH 7 (20), KCl (20), MgCle (1.2), 6-T pyruvate, 160,000 
c.p.m. (0.8), and 27 units of enzyme. Incubated 30 minutes at 37°. 





Activator (umoles) c.p.m. in water X 1073 





Ceres) rere ee 3.2 
pS re eer 56.5 
Re DS oo soe aca useds ee 50.0 
A OD anc. 0 ose si2.s'e cam sicend 8.0 
IE TPCT ccce0-<'o'x aise Seip oredie RO 6.5 
Pris GU s Sais o oscar ewe <teeeers 72.8 





strate, or between substrate and phosphorylated substrate in the 
absence of ATP or ADP in which substrate may be acetate (16), 
or pyruvate (17) and the enzyme the appropriate kinase. It 
might then be that this concerted process in some way drives the 
electron migration and proton dissociation of the enolization. 
However, another possibility cannot be eliminated either with 
regard to the general phosphate transfer reaction of the kinases 
or the particular enolization-phosphorylation reaction studied 
here; namely, that all the components of the reaction system are 
required to obtain the proper structure of the enzyme. In other 
words, with respect to the demonstration of partial reactions the 
additional components may be required as activators rather than 
as substrates. That the latter possibility may apply to the enoli- 
zation process is shown by a study of the specificity of the ATP 
requirement. 

Replacement of ATP for Enolization of Pyruvate—With con- 
centrations of Mg++ and K* judged to be saturating for the net 
phosphorylation of ADP by P-enolpyruvate, a study was made 
to determine the ability of Pi, PP, and PPP; to replace ATP in 
the detritiation of pyruvate. The rate of detritiation of pyruvate 
found when P; (0.1 m) is used instead of ATP is about the same 
as is found with the complete system (Table II). This corre- 
sponds to a corrected (see below) rate of 0.08 watom of hydrogen 
of pyruvate exchanged per minute per 27 units of enzyme. This 
compares with a ratio of forward to back reaction given by 
McQuate and Utter (18) at pH 7.4 of 150 to 200. 

Experiments reported earlier (5) led to the conclusion that PP 
did not function as an activator. However, these studies were 
performed with PP in excess of Mg** and under these conditions 
added P; is nonactivating. The concentrations of PP and PPP, 


2 The abbreviation PPPi, tripolyphosphate is used. 
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used in the present experiment are about as high as can be used 
in the presence of excess Mg** without obtaining precipitation. 
The interpretation of the present data is that these compounds 
are also able to replace ATP. 

The extent of detritiation is proportional to the time of the 
incubation and therefore a single sample may be used to deter- 
mine the rate, as shown in Fig. 1. Samples from an equivalent 








in ' = 
30+ ; wl 
25|_ x 
” 
Q 
* 20|- a 
X x 
“ie 
S 
> 
2 SL gl 
= sa 
= an 
Q al 
70h r oa 
a“ Pl 
od 
Ps 
5 bs “i i a 
—_so 
_—_ 
0 > nee” l 








0 /0 20 30 40 
minutes 


Fic. 1. Time course of detritiation. Each tube contained 
MgCl2, 8 mm; K*, 25 mm; ATP, 1 mm; bovine serum albumin 
1.6 mg per ml; triethanolamine-hydrochloride pH 9.0, 0.18 m; 
and 6-T pyruvate 35,000 c.p.m. per umole, 25 mm. Further addi- 
tions were: none (©); enzyme, 10 units per ml (@); and enzyme, 
60 units per ml (X). Temperature, 37°. Samples, 0.2 ml, taken 
at intervals were analyzed for tritium of the water. The heavy 
curve gives the results expected from Equation 1. 
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TABLE III 
K* dependence of enolization reaction 
Each tube contains in 0.15 ml, 8-T pyruvate, 186,000 ¢c.p.m. 
(0.6 wmoles), MgCle (1 umole), and 9 units of enzyme which in the 
first tubes were heated. The P; series contained 5 umoles of (tri- 
ethanolamine) 2PO,, pH 7.0; the ATP series contained 0.4 umoles 
Na,ATP plus 20 umoles of triethanolamine-hydrochloride, pH 7.0. 
Incubated 30 minutes at 37°. 








Pi | ATP 
Additions (umoles) 
¢.p.m. in water X 10-*\c.p.m. in water X 107? 








Heated enzyme............... 1.4 1.0 
WOM ites wes: 12.4 1.5 
LiCl (5)...... 10.9 6.4 

40.8 8.4 


KCI (10). 
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nonenzymatic incubation were analyzed and the values also 
plotted. In a third tube, 6 times the amount of enzyme was 
used in order to show the shape of the curve obtained as detritia- 
tion approaches completion. Using data from this incubation, 
the solid line is a plot of the equation: 


vt 
C=C (1 — 10 #07) (1) 


in which C7 = total counts in the pyruvate, C = counts calcu- 
lated to have exchanged into water at time ¢ on the assumption 
that the rate of exchange, v, obtained from the data during the 
initial, linear part of the experimental curve, obtains during the 
whole period. This equation is a restatement of one previously 
discussed (3). The agreement between the experimental points 
and curve derived from Equation 1 indicates that the rate law 
for a first order exchange reaction is obeyed and that complete 
exchange of all three sterically equivalent hydrogens occurs with 
the same rate constant, as expected. The ratio of the initial 
velocities for the two enzyme incubations when corrected for the 
nonenzymatic rate is 6.1, which indicates that exchange velocity 
is proportional to the amount of enzyme. In recording the data 
to be presented, general use has been made of this equation to 
correct the experimentally obtained counts. 

Metal Requirements for Phosphate-activated Exchange—The K+ 
requirement, which seems (Table I) to be absolute when ATP is 
used as an activator, is only partial with P; activation (Table 
III). Since a high concentration of cation must be added to 
balance the P; used, a test was made with both activators in the 
presence of the same amounts of triethanolamine. Whereas tri- 
ethanolamine does not appear to replace K+ for ATP activation, 
there is a considerable amount of exchange in the absence of 
added K+ when P; is the activator. However, at least 3-fold 
stimulation by K+ can be shown. Li*, which has been reported 
to compete with K+, is shown to activate somewhat in the com- 
plete system. 

A divalent cation, Mg++ or Mn++, stimulates the exchange 
reaction when P; is used as activator (Table IV). The endoge- 
nous rate can be lowered, by addition of ethylenediaminetetra- 
acetate, to the nonenzymatic exchange rate, making it possible 
to show an absolute dependence on Mgt* or Mn++. A deter- 
mination of the concentration of Mg++ required for half-maximal 
velocity gave 7 X 10-° m under the following conditions: pyru- 
vate (0.07 m), K+ (0.2 m), P; (0.08 m), at 37°. 

Specificity of P;- and ATP-activated Exchange for Pyruvate— 


TABLE IV 


Mg** or Mn** requirement for P;-activated enolization 


Each tube contains (in wmoles) per 0.15 ml: triethanolamine, 
pH 7 (30), Pi (15), 8-T pyruvate, 200,000 c.p.m. (2), and the addi- 
tions noted: EDTA* (0.2), MgCle (1) or MnCl, (0.7), and 9 units 
of enzyme. Ine ubated ¢ 30 minutes s at 37° 


eT: ‘| 








Additions oom Sees x| A c.p.m X 1078 
— 7 | 
et sic a oe Pk oT erro Te eeeen | 6.2 | 
Rave. p Pal 13.6 | 7.4 
Enzyme + E DTA 6.05 | 0 
Enzyme + EDTA + Mg** 35.7 29.5 
Enzyme + EDTA + Mn** 29.3 23.1 


| 


. EDT A, ethy lesindlensine tetraacetate. 
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No studies of substrate specificity of pyruvate kinase seem to be 
at hand. This is undoubtedly the result of the nonavailability 
of homologues of P-enolpyruvate and the difficulty in demon- 
trating the phosphorylation of a-keto acid because of an unfa- 
vorable equilibrium. To use detritiation as a criterion of speci- 
ficity is valid for the reaction with ATP, and similar studies with 
P; would be of interest in showing that the P;-activated reaction 
is subject to the same specificity requirements, if indeed the same 
enzyme is involved. Table V compares the detritiation of py- 
ruvate, a-ketobutyrate, and a-ketoglutarate, with the use of P; 
or ATP. It may be concluded that pyruvate kinase is specific 
for pyruvate and that the same specificity holds with both ac- 
tivators. In spite of the much greater lability of 8-hydrogens 
of phenyl pyruvate, it has been possible to show in other experi- 
ments with P; as activator that this enzyme does not catalyze its 
detritiation. 

Specificity with Respect to Activator—If it is concluded that PP 
and PPP; activate in place of ATP, the specificity requirements 
for activation must be rather broad. In Table VI are given 
results which lead to the conclusion that arsenate and methyl 
phosphate are activators and that di- and trimethyl phosphate 
are not. A comparison of the various monoalkyl phosphates 
(Table VII) leads to the following approximate order of effi- 
ciency as activators: isopropyl < methyl, ethyl, n-propyl, iso- 
butyl < n-butyl. The superiority of n-butyl phosphate makes 
it appear that size is not a limitation, although the bulky iso- 
propyl group appears to hinder. 

The inactivity of dimethyl phosphate suggests that the dianion 
is the active form. Fig. 2 contains accumulated data showing 
the effect of pH on rate of detritiation with several activators: 
P;, phosphite, phosphoamidate, n-butyl arsonic acid, or ATP. 
The pH range tested is restricted by the instability of the enzyme 
at pH values greater than 9. In order to show all the data on 
one ordinate scale the results are given in per cent of the activity 
obtained at pH 9 for each activator. The activities of the five 
activators at this pH are about 6, 1, 8, 20, and 200 myumoles per 
min per unit of enzyme, respectively. Thus ATP is by far the 
best activator at pH 9 although at pH 7 it is somewhat inferior 
to phosphate. From Fig. 2 it seems that the pH dependence 
varies with the activator used, the sharpest rise being in the 
region of pK: for P;, phosphite, and butyl arsonate (pK,’ = 6.8, 
6.7 (19) and 8.9 (20), respectively). Phosphoamidate changes 
from a net —1 to —2 form with a pK’ of 7.95 (22) and the fact 
that the rate increases rapidly in this region of pH suggests that 
when a positive center is adjacent to the P the molecule is non- 
activating. 

The only contradiction to the conclusion that the pH depend- 
ence curve is determined by the dissociation of the activator is 
the ATP curve, since above pH 7 no new ionizing groups are 
present in ATP. McQuate and Utter (18), with the use of quite 
different conditions (low Mg++), observed a steep increase of 
rate of P-enolpyruvate formation in going from pH 8to9. Thus, 
one must conclude that ATP-activated enolization is controlled 
by factors that are not determined by the ionic state of ATP 
alone, but that another step, dependent on the ionization state 
of the protein, is rate determining for both detritiation and net 
phosphorylation. However, the exchange reaction, as can be 
seen clearly with P; or phosphite as activators, is controlled by 
a step dependent on the ionization state of the activator rather 
than the ionization state of the protein. 

That divalent anions seem to be required for activation led to 
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TABLE V 
Substrate specificity with P; or ATP 
Each tube contains in addition to the noted substrate, the fol- 
lowing (in wmoles) per 0.15 ml: triethanolamine, pH 7.6 (30), K+ 
(5), Mg** (1.2), and either P; (15) or ATP (0.3); 44 units of enzyme 
were also present and corrections for nonenzymatic detritiation 
were made with heated enzyme. 




















Substate specific | “#toms exchanged 
Substrate (umoles) activity (c.p.m./ 
aS pate +P, | +aTP 
a-Ketoglutarate (1.8).......... 30,000 0 0.1 
a-Ketobutyrate (1.8)........... 50,000 0.12 0.02 
WEG) oes en s os ee acie oe 33,000 2.5 2.7 
TaBLe VI 


Specificity of activators 
Each tube contains (in wmoles) in 0.22 ml: triethanolamine, 
pH 7 (17), Mg** (1.2), 8-T pyruvate, 200,000 (1.6), 0.4 mg of bo- 
vine serum albumin, K+ (25), and 75 units of enzyme. Incubated 
30 minutes at 37°. 














Addition (umoles) c.p.m. exchanged X 107? 
ee ea me 1.3 
Methylphosphate (6.6)........ 36.0 
Dimethylphosphate (9)........ 4.0 
Trimethylphosphate (10)...... 2.4 
Assenate GA) oi a 120.0 

TaBLe VII 


Comparison of monoalkyl phosphates as activators 
Each tube contains (in wmoles) per 0.15 ml: K* (22), Mg*+ (1.5), 
triethanolamine-hydrochloride, pH 7 (22), 8-T pyruvate, 228,000 
(1.14), 22 units of enzyme, and either 5 or 15 umoles of the various 
alkyl phosphates. Incubated 30 minutes at 37°. The counts 
have been corrected for nonenzymatic detritiation. 














c.p.m. exchanged X 10-8 with ROP at 
ee (ROP) 
5 umoles 15 wmoles 
| ee eee ar 14.8 20.4 
| ee ere te 8.8 18.4 
reer rr air 13.2 25.6 
RGIEIN Eos ss oscins ss atvpae 5.6 11.6 
:, aeeapeeneee geetees, went 32.0 68.0 
SIE ses tye cups saedane | 20.0 32.0 








the trial of SO,- and CO," as activators. SO, was found not 
to activate over a range of concentrations and pH values, and 
instead was an inhibitor. When bicarbonate was tested at 0.12 
M it was found to give a rate (mumoles per min per unit of en- 
zyme) of 0.2, 0.6, and 1.2 at pH 7, 8, and 9, respectively. This 
is consistent with CO;~ as the activating form although these 
are not Vmax values. The concentration of the combined forms 
of carbonate giving half-maximal exchange rate at pH 9 was 
0.15 m and the extrapolated maximal velocity was 3 mumoles 
per min per unit of enzyme. 

Specificity of Activation by Nucleoside Polyphosphates—It was 
of interest to investigate the specificity of detritiation with 
different nucleotides at the low concentration at which ATP is 
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Fic. 2. Rate dependence on pH with various activators. The 
concentration of the activator and the four components triethanol- 
amine-hydrochloride K+, Mg**, and 8-T pyruvate were, respec- 
tively, for (O) phosphite (0.15 m): 0, 0.25 mM, 10 mm, and 10 mm; 
(@)P; (0.2 m): 0.2 m, 0.4 m, 10 mm, and 8 mm; (())phosphoamidate 
(0.03 m): 0.13 M, 0.06 m, 6.7 mm, and 10 mm; (@)n-C,H,AsO; (0.1 m): 
0.2 m, 0.15 M, 10 mM, and 8 mm; and for (X)ATP (1.3 mo): 0.2 m, 
0.06 m, 6.7 mM, and 6.7 mo. 


TaBLe VIII 
Nucleotide specificity for activation 

Each tube contains (in ymoles) in 0.15 ml: 8-T pyruvate, 200,000 
c.p.m. (1), Mg** (1.2), K* (12), triethanolamine-hydrochloride, 
pH 9 (15), 1.6 units of enzyme, and the nucleotide noted at 0.2 
pmoles. Incubated 30 minutes at 37°. The counts have been cor- 
rected for control with no activator, which gave 3,700 c.p.m. in 
the water. 











: 
Additions com in water X 10-8 Additions heat * ode 
ADP | 0.8 ATP 156.0 
CDP —0.12 CTP 4.3 
GDP | 0.29 GTP 9.7 
UDP —0.6 UTP 3.5 
| 








effective, in order to make a comparison with what is known 
about the net reaction (22), and also to decide whether activation 
occurs with the nucleoside diphosphates. With the use of the 
Boehringer preparation, which was low in adenylate kinase, a 
study was made of the detritiation of pyruvate with the di- and 
triphosphates of adenosine, cytosine, guanosine, and uridine at 
1.3 mm, and at pH 9. The results (Table VIII) indicate that 
none of the diphosphates is active. ATP is about 15 times more 
effective than the next best triphosphate,GTP. The low activi- 
ties with CTP and UTP may be real or the result of contamina- 
tion with small amounts of ATP. 

Some Kinetic Properties of Exchange Reaction—The Ky» of 
pyruvate has been measured in the range of pH 6 to 8 with P, 
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TABLE IX 
K,, of pyruvate versus pH 
The experiments were performed with K* at 0.14 m, Mg*t+ at 8 
mM, and the activators at the indicated concentrations. The ac- 
tivators also served as buffer. 











Activator 
pH as Km of pyruvate 
Pj Arsenate 
M M mM 
6 0.08 1.8 
7 | 0.08 | 5.3 
7 | 0.038 6.4 
7 | 0.04 5.9 
7 0.05 6.6 
8 | 0.08 9.2 








or arsenate as activator. From the data in Table IX it may be 
concluded that the K,, is pH dependent, increasing with pH. 

The K,, of arsenate appears to be invariant with pyruvate 
concentration in the region where pyruvate is not saturating. 
Thus at pH 7 the K,, determined with 20 mm and 5 mm pyruvate 
was 23 mM and 21 mm, respectively. In making comparisons 
of the kinetic constants of arsenate, it was always necessary to 
obtain data on the same day, since the values obtained at differ- 
ent times have been found to differ greatly without known cause. 
The K,, of arsenate at Mg*t+ concentrations of 0.55 and 5.5 mm 
were 43 and 55 mm; not greatly different, yet twice as great as 
obtained in the study just mentioned. Similar variability was 
experienced with P; as the activator. 

The K,, of ATP in the exchange reaction has been studied at 
pH 8 and 9 and found to be strongly dependent on pH, 1.43 and 
0.19 mM, respectively. The maximal velocities obtained at 
these two pH values were 35 and 144 mymoles per min per unit 
of enzyme at 30 mM pyruvate. The K,, values of P; and arsenate 
do not appear to be strongly dependent on pH in the region 6 to 
8. 

It was of interest to compare the rates of the detritiation and 
of the phosphorylation reaction in order to determine if the bond- 
breaking step was rate limiting in the net reaction. Unfortu- 
nately, because of the unfavorable equilibrium, it is necessary to 
use high concentrations of ATP and low levels of Mg** in order 
to obtain measurable amounts of P-enolpyruvate (23). Thus at 
pH 9 with ATP at 30 mm and Mg** at 0.7 mm the velocity of 
detritiation was 0.7 and 1.9 mumoles per min per unit of enzyme 
at the two concentrations of pyruvate tested, 37 and 80 mm. The 
rates of P-enolpyruvate formation were 0.39 and 1.08 mymoles 
per min per unit, respectively. Thus, under these conditions 
the exchange rate was about 1% of the rate obtained with excess 
Mg?*+ and saturation with pyruvate had not been achieved. 
Since the detritiation rate is 1.8 and 1.75 times the phosphoryla- 
tion rate, it follows that C—H bond cleavage is not rate limiting 
in the net reaction under these conditions. 

Effect of P-enolpyruvate on Exchange Reaction—As shown in 
Fig. 3, P-enolpyruvate inhibits arsenate-activated detritiation in 
a manner strictly competitive with arsenate. The K; calculated 
for P-enolpyruvate was 54 uM for both concentrations of P-enol- 
pyruvate used. In another experiment a value of 120 um was 
obtained. 

Effect of P; on ATP-activated Exchange—In order to decide if 
ATP and P; act at a common site on the enzyme in the detritia- 
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tion reaction, the effect of P; on the rate was studied at varying 
concentrations of ATP. As can be seen in Fig. 4, the same maxi- 
mal velocity is attained as ATP is increased in the presence or 
absence of P;, indicating the competitive nature of the activa- 
tion. 

Study of Incorporation of O¥8 from Water into P;—A tube con- 
taining pyruvate (15 umoles), KzHPO, (100 umoles), and 2000 
units of enzyme was incubated at pH 7 in a volume of 1.3 ml with 
H.0 at 0.83 atom % excess for 3 hours at 37°. During the last 
hour of this incubation a small amount of tritiated pyruvate was 
added, and a sample removed 30 minutes later was found to have 
exchanged completely with water. Thus, the pyruvate turnover 
during the 3 hours was greater than 270 patoms of B-hydrogen, 
ignoring the correction according to Equation 1. The P; was 
recovered by repeated barium precipitation and the CO, formed 
from it was found to contain 0.015 atom % excess O08. Complete 
equilibration of the phosphate oxygens with water should have 
given an O* content of 1.65 atom % excess. 


DISCUSSION 


Site and Mode of Action of Activators—One may speculate that 
the “nonspecific” activators act (a) at a site on the enzyme nor- 
mally occupied by the specific activator and substrate, ATP; (5) 
elsewhere on the enzyme; or (c) as a nonspecific base catalyst not 
associated with the enzyme, and assisting in the deprotonation 
of enzyme-bound pyruvate. 

The last possibility is unlikely, since the activators show nor- 
mal Michaelis kinetics indicating, though not proving, that 
saturation of a site is involved rather than a bimolecular reaction. 
Secondly, it can be shown that P; is a competitive inhibitor of 
ADP and also of P-enolpyruvate in the net reaction coupled 
with lactic dehydrogenase. At pH 7 the K; obtained for P; 
versus P-enolpyruvate was 35 mm, with ADP at 1.5 mm. The 
K; of P; versus ADP was about 18 mm with P-enolpyruvate at 
1mm. Thus, it may be concluded that P; can be bound to both 
the “ADP site” and the “P-enolpyruvate site” and either may 
be considered a possible activating site for the enolization reac- 
tion. The “ADP site” seems unlikely in view of the failure of 
ADP to replace ATP as an activator (Table VIII). The “P- 
enolpyruvate site” is strongly indicated by the nature of the 
inhibition by P-enolpyruvate of the arsenate-activated detritia- 
tion which is competitive with arsenate (Fig. 3). The K; values 
for P-enolpyruvate (54 and 120 uM) are in sufficient agree- 
ment with the K,, reported for P-enolpyruvate (36 to 78 um, 
depending on ADP concentration (18)) to suggest strongly that 
the substrate and inhibitor sites for P-enolpyruvate are the same. 
Since this site is also occupied by arsenate in reversing the inhibi- 
tion, this evidence leads to the conclusion that arsenate activates 
at a site occupied by P-enolpyruvate when it acts as a substrate. 

In a preliminary abstract, Collier and Webb (24) have reported 
that the reaction of P-enolpyruvate with ADP is stimulated by 
AMP, PP, and P;. It was shown, with the detritiation assay, 
that AMP at “high” levels (15 mm) can replace ATP as an ac- 
tivator, and it is assumed that it is acting as a phosphate mono- 
ester in this respect. The finding that P; can stimulate the net 
reaction is contrary to the observation that it is a competitive 
inhibitor of both P-enolpyruvate and ADP in the net reaction 
and would lead to the conclusion that there must be a P; site 
that is independent of the ADP and P-enolpyruvate sites. How- 
ever, contrary to this conclusion is the demonstration that P; 
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Fia. 3. Effect of P-enolpyruvate on the Km of arsenate. A 
plot of [arsenate]~ against the reciprocal of counts exchanged per 
30 minutes at 37°. Each incubation contained in wmoles per 0.15 
ml: K* (31), Mg** (1.2), 8-T pyruvate, 225,000 c.p.m. (1), and 20 
units of enzyme. Arsenate buffer at pH 7 was varied in the range 
33 to 150 mm. P-enolpyruvate was absent (@), or present at 
0.12 mm (O) or 0.24 mm (xX). 
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Fia. 4. Effect of P; on the K, of ATP in the exchange reaction. 
A plot of [ATP]“ against the reciprocal of counts exchanged per 
20 minutes at 37°. Each incubation contained in umoles per 0.17 
ml: triethanolamine-hydrochloride, pH 8, (37); Mg** (2.4); Kt 
(50); 8-T pyruvate, 175,000 c.p.m. (5); and 13 units of enzyme. 
ATP was varied in the range 0.3 to 3.5 mm. P, was either absent 
(O), or present at 0.03 m (@). 
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does not activate enolization in the presence of excess ATP (Fig. 
4) 

The simplest conclusion consistent with the data seems to be 
that the activators react with the site on the enzyme common 
to P-enolpyruvate and ATP; namely, the position adjacent to 
the site which carries the carbonyl group of pyruvate. In con- 
sidering the role played by the activators and ATP in effecting 
the enolization one might be guided by the forces that might be 
expected to influence the flow of electrons from the B-C—H 
bond toward the a-carbonyl oxygen of pyruvate. An electro- 
philic group situated near the carbonyl oxygen, might be postu- 
tulated. One may suggest that the activators hold Mg++ or K+ 
in a suitable configuration so that these ions can promote this 
electron flow and consequent deprotonation. Alternatively, it 
may be that the P, As, and C of the activators are themselves 
acting as electrophilic centers, due to their positive residual 
charge. ATP acts both as an activator of enolization and as a 
phosphorylating agent. In the former capacity it may be as- 
sumed to be behaving in the same way as the other activators 
but, in addition, is able to form a new bond with the enol oxygen 
that is formed. It is clear from the O experiment that a co- 
valent bond is not formed between the enol oxygen and phos- 
phorus when P; is the activator. Were such a bond formed, O% 
from water would have been incorporated into P; upon reversal 
of the enolization and liberation of pyruvate. 

The detritiation process, which has been termed “‘enolization”’ 
for convenience is probably not a true tautomerization reaction. 
It would be an inefficient mechanism for enolpyruvate to be lib- 
erated from the enzyme and then become attached again to be 
phosphorylated. The requirement for ATP is presumptive evi- 
dence against this. It is also assumed that the other activators 
result in the formation of an enolpyruvate-enzyme complex, al- 
though evidence against the liberation of the enol is not at hand. 

Nothing can be said about the acceptor for the 8-hydrogen of 
pyruvate. One can expect that its removal will involve direct 
nucleophilic attack (25). The finding that the tritium is found 
in the water is a necessary consequence of the catalytic role of 
the enzyme. 

Finally, it may be of interest to consider the pyruvate kinase 
reaction as a specific example of a condensation reaction of the 
form: 


CO. €o.- 
b—o-P +X+Y= C=O + Y-P 
du, CH, 

xX 


where X is H, COs, or erythrose 4-P and Y is ADP, IDP or OH- 


in reactions catalyzed by pyruvate kinase, the two P-enolpyru-. 


3 After the submission of this paper it was learned by persona 
communication that stimulation of phosphotransferase activity 
by P; has been noted by Dr. Ray Wu, also. Dr. Wu has found 
that this effect could be obtained with ethylenediaminetetra- 
acetate as well, and it has been attributed by him to complex 
formation between inhibitory metal ions and ethylenediamine- 
tetraacetate or P;. With this information it was important to 
test ethylenediaminetetraacetate as a substitute for ATP in the 
detritiation assay. Under all conditions in which P; activated 
the detritiation of pyruvate, ethylenediaminetetraacetate was 
found to be inactive. 
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vate carboxylases (26, 27), or 2-keto-3-deoxy-p-arabo-heptonic 
acid 7-P synthetase (28). By analogy with the present study 
one may ask what components of the net reaction are necessary 
for the exchange of X with the condensation product. Such an 
exchange would lead to the implication that an enolpyruvate- 
enzyme intermediate is formed which can condense with phos- 
phate at the enol oxygen or with X at the B-carbon. 


SUMMARY 


1. The detritiation of 8B-T pyruvate by pyruvate kinase in the 
presence of adenosine triphosphate (ATP), Mg*t+, and K+ was 
much more rapid than the nonenzymatic rate, indicating that 
pyruvate and not enolpyruvate was the true substrate of the 
reaction. 

2. All of the components of the net reaction, ATP, Mg*+, and 
K+ were essential for enolization of pyruvate. 

3. The ATP requirement could be replaced by compounds of 

O- 
the form R—M=0 in which M could be P (with R = OH, H, 


O- 
O-alkyl, or -NH2) or As (with R = OH or alkyl) or C (in which 
R is absent). 

4. These activators were required in much larger amounts 
than ATP. In their presence Mgt+ was still required and Kt 
stimulated greatly. 

5. The site of action on the enzyme of the “nonspecific’’ ac- 
tivators of enolization is concluded to correspond to the group 
that binds the terminal P of ATP, since activation is competitive 
with ATP and phosphoenolpyruvate inhibits competitively the 
activation by arsenate. 
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Recent work has indicated that evidence supporting a role for 
tocopherol in electron transport should be re-evaluated. The 
direct demonstration of the inhibitory nature of solvents on 
enzymes of the respiratory chain (1) and nonspecific restoration 
of this activity by various lipids (2, 3) are the major objections 
to studies which employed isooctane extraction. However, other 
evidence based on the specific activating effect of tocopherol on 
aged preparations of cytochrome reductases does suggest a role 
for tocopherol in the respiratory chain. Thus Nason and Leh- 
man (4), Donaldson et al. (2), and Vasington et al. (5) have 
shown that under certain conditions of aging, with or without 
isooctane extraction, some enzyme preparations are activated by 
the addition of tocopherol. Tocopheryl acetate, tocopheryl- 
quinone, and other lipids which reversed the solvent-inhibited 
enzyme systems were not active in these aged preparations. On 
the other hand, experiments in which tissues from tocopherol- 
deficient animals were employed do not support the postulate 
that tocopherol is involved in electron transport. Thus Corwin 
and Schwarz (6) have reported unaltered reduced diphospho- 
pyridine nucleotide-cytochrome c reductase activity of liver 
mitochondria and microsomes obtained from vitamin E-deficient 
rats. The succinate-cytochrome c reductase activity of these 
livers from vitamin E-deficient rats was reported to be elevated 
(7). It has also been reported (8) that the DPNH-cytochrome c 
reductase activity of a particulate fraction from hearts of vitamin 
E-deficient chicks was unaltered even though no trace of the 
vitamin could be demonstrated in whole tissues or enzyme frac- 
tions. In the present report, data are presented which are con- 
sistent with the view that (a) inhibitory products arise in aged 
enzyme preparations, and (6) that tocopherol and other hydroxyl- 
ated compounds reactivate these preparations by removing the 
inhibitory products. We have examined the specific activating 
effect of tocopherol on some aged preparations of chick heart 
muscle. 


EXPERIMENTAL 


Because rigid experimental conditions must be adhered to for 
greatest reproducibility, some of the conditions previously de- 
scribed (8) are given here in greater detail. For the DPNH 
oxidase assay, the system employed consisted of 0.3 ml of DPNH 


* The data in this paper are taken from a dissertation to be 
presented by Clifford J. Pollard to the faculty of the Graduate 
School of Georgetown University in partial fulfillment of the re- 
quirements for the degree of Doctor of Philosophy. 


(1.15 umoles per ml), 0.1 ml of a 1% solution of cytochrome c, 
0.030 to 0.050 ml of enzyme solution, and enough 0.1 m potas- 
sium phosphate buffer, pH 7.5, to make a total volume of 3.0 
ml. The reaction was started by adding DPNH. The first 
reading, at 340 mu, was taken 30 seconds after the addition of 
DPNH and at 1-minute intervals for 5 minutes. In the DPNH- 
cytochrome c reductase assay, the system contained 0.1 ml of a 
2% solution of cytochrome c, 0.3 ml of 0.01 m KCN, varying 
amounts of enzyme solution (0.020 to 0.120 ml), 0.1 ml of DPNH 
of the same concentration that was used in the DPNH oxidase 
assay, and enough 0.1 mM potassium phosphate buffer, pH 7.5, to 
make a total of 3.0 ml. Readings were made at 550 my at zero 
time and at 30-second intervals after the addition of DPNH. 
In the succinate-cytochrome c reductase assay, 0.2 ml of 0.1 m 
disodium succinate was substituted for DPNH. In experiments 
in which dibenzoyl peroxide was used, the peroxide in 0.01 ml of 
absolute ethanol was allowed to incubate for 3 minutes with the 
reaction mixture in the absence of DPNH or in the absence of 
succinate. 

In attempts to reverse the peroxide inhibition, tocopherol, 
tocopherylquinone, tocophery] acetate, vitamin Ki, or naphtho- 
tocopherol in bovine plasma albumin-ethanol-buffer suspension 
were allowed to incubate with the inhibited enzyme 5 additional 
minutes before the assay. 

Since some aged preparations showed increased activity after 
simply standing in the reaction mixture for 3 to 5 minutes, all 
experiments were done after a 5-minute incubation of the aged 
enzyme in the reaction mixture, with or without compounds being 
tested. Control and ‘‘no addition” experiments reported in this 
paper represent the activity of the enzymes in the presence of 
the carriers used to suspend the compounds being tested. In 
some instances it was necessary to increase the cytochrome c 
concentration of control and experimental samples to assure 
linearity of cytochrome c reduction with time. 

The aged preparations used in this study were prepared as 
follows. Heart muscle from chicks was homogenized with 10 
times its weight of 0.1 m phosphate buffer, pH 7.5, first in a 
VirTis homogenizer and then in a TenBroeck hand-driven 
homogenizer. The homogenate was centrifuged at approxi- 
mately 3,000 x g for 10 minutes and the supernatant fluid 
dialyzed against 10 volumes of 0.01 m phosphate buffer, pH 7.5, 
for 1 hour. The suspension was centrifuged for 10 minutes at 
3,000 x g to remove any precipitate formed during the dialysis. 
The supernatant fluid was centrifuged at 25,000 x g for 30 
minutes. The resulting pellet was resuspended in 2% digitonin 
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solution in 0.1 m phosphate buffer, pH 7.5, by vigorously ho- 
mogenizing with a hand-driven TenBroeck homogenizer. The 
volume of digitonin solution was equal to or 1.5 times the original 
weight of the tissue. The digitonin suspension was centrifuged 
at 25,000 x g for 30 minutes and the clear supernatant solution 
was used for aging. Usually over 50% of the original DPNH- 
cytochrome c reductase activity was recovered in the supernatant 
solution. These procedures are based on the methods of Donald- 
son et al. (2). Preparation of the digitonin-solubilized enzyme 
solution and aging were carried out at approximately 4°. An 
effect of tocopherol on succinate-cytochrome c reductase was 
observed in most preparations upon aging for 1 day. Longer 
periods of aging, up to 10 days, were required before an effect 
of tocopherol on DPNH-cytochrome c reductase could be ob- 
served. 

The dibenzoyl peroxide was obtained from the Fisher Scientific 
Company. The 5-pentadecyl resorcinol was kindly supplied 
by Dr. E. G. High. The DPD! was a specially purified product 
of the B. F. Goodrich Chemical Company. Santoquin (2,2,4- 
trimethyl ,6-ethoxy ,1,2-dihydroquinoline) was obtained from 
the Monsanto Chemical Company. Coenzyme Qi was kindly 
provided by Dr. Karl Folkers of the Merck Sharp and Dohme 
Research Laboratories. d,a-Tocopherol was obtained from 
Distillation Products Industries; pL,a-tocopherol and pDL,a- 
tocopheryl acetate were obtained from Merck and Company. 
Naphthotocopherol was prepared by the method of Tishler eé al. 
(9). Reduced vitamin K; and reduced coenzyme Q were pre- 
pared by reduction of the quinones with KBH, in ethanol (10). 
The hydroquinones were extracted into hexane, and the hexane 
extracts were washed with water and dried over anhydrous 
sodium sulfate. The hexane was evaporated to dryness under 
vacuum and the hydroquinones were weighed. Only freshly 
prepared solutions of the hydroquinones were used. Tocophery]- 
quinone was prepared by the oxidation of tocopherol with 
dibenzoyl peroxide in ethanol. It was purified by chromato- 
graphing on alumina with 3% acetone in hexane as developing 
agent. The tocopherol, vitamin K, and coenzyme Q derivatives 
were added to the reaction mixtures in a bovine plasma albumin- 
ethanol-buffer suspension. The suspensions contained 5 mg of 
the vitamin products or coenzyme Q derivatives, 2 mg of albumin, 
and 0.1 ml of ethanol per ml of suspension. The suspensions 
were not centrifuged. From 0.040 to 0.080 ml of the suspensions 
was used in attempting to activate enzyme preparations. The 
nontocopherol antioxidants were added to the reaction mixtures 
dissolved in 0.01 to 0.014 ml of absolute ethanol. 

Vitamin E-deficient chicks were produced by feeding day-old 
chicks a synthetic diet (C47A) containing 4% of vitamin E-free 
lard (8). The same diet containing 1% of vitamin E-free lard 
was used to produce chicks which were marginally deficient in 
essential fatty acids. Chicks were maintained on these diets for 
at least 4 weeks. 


RESULTS 


Evidence for Existence of Inhibitor(s) in Aged Preparations; 
Kinetics of Cytochrome c Reduction by Aged Preparations which 
Respond to Tocopherol—A striking phenomenon observed with 
some aged preparations in cytochrome reduction was the absence 
of proportionality between enzyme concentration and activity. 
This was in contrast to linear relationships obtained with freshly 


1 The abbreviation DPD is N, N’-dipheny]-p-phenylenediamine. 
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ENZYME CONCENTRATION 


Fig. 1. Effect of increasing enzyme concentration on the initial 
rate of reaction of succinate-cytochrome c reductase (interval of 
60 to 90 seconds). Volume of enzyme solutions at lowest con- 
centration, 0.020 ml. A——A, freshly prepared enzyme solution; 
@——@, aged enzyme solution. 


TABLE I 


Effect of increasing enzyme concentration on response of 
succinate cytochrome c reductase to tocopherol-aged preparations 








| Activity* 
| 
| 


Concentration of enzymet 





Preparation 























Once | 2 Times 3 Times 4 Times 
, | 
| No |+ Toco-| No |+Toco-| No |+ Toco- ve + Toco- 
addition| pherol ate pherol |addition| pherol ‘Gea, pherol 
1 85 | 95 | 82 | 195 
2 | 78 | 106 | 95 | 202 
3 115 | 130 180 | 230 190 | 320 
4 50 | 60 | 87 165 36 | 285 
| | 














* Activity = AAss0 mz X 10%/2 minutes. 
t At the lowest concentration, 1 time, the volume of enzyme 
varied from 0.020 to 0.080 ml with the different preparations. 


prepared solutions. The reduction of cytochrome c by both aged 
and freshly prepared enzyme solutions was linear with time. 
Fig. 1 shows the effect of increasing enzyme concentration on the 
initial rate of reduction of cytochrome c by typical freshly pre- 
pared or aged enzyme preparations. Table I shows the effect 
of increasing enzyme concentration on the response of succinate- 
cytochrome c reductase of aged preparations to the addition of 
tocopherol. Results similar to those in Table I and Fig. 1 were 
obtained with DPNH-cytochrome c reductase of aged prepara- 
tions. 

It is evident from the combined data in Table I and Fig. 1 that 
(a) the rate of reaction did not increase linearly upon the addi- 
tion of increasing amounts of enzyme solution, and (6) the tocoph- 
erol effect was more noticeable at high concentrations of the 
enzyme than at low concentrations. Furthermore, it was ob- 
served that some loss of activity often occurred when higher 
concentrations of the enzyme were used (for example, Prepara- 
tion 4, Table I), suggesting the presence of an inhibitor (11). 
Increasing the concentration of the substrates had no effect on 
the activity of these preparations. 
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TaBLe II 


Inhibition of enzymes by dibenzoyl peroxide and its reversal by 
tocopherol and other antioxidants 




















Activity* 
With peroxidet 
Experi- Con- 
ment System trol 
No | yt rat 
addi — Santo- a 
tion | ethanol quint - 
A Succinate-cytochrome c re- | 229| 3) 190 
ductase 
B_ | Succinate-cytochrome c re- | 168 | 12 120 | 68 
ductase 
C DPNH-cytochrome c reduc- | 110} 0 58 
tase | 
D | DPNH oxidase 217} 7] 138 




















* Activity: Cytochrome c reducatses = AA559 X 10/2 minutes. 
DPNH oxidase = AAzao X 10*/5 minutes. 

+ 0.8 to 1.6 ug of dibenzoyl peroxide per ml. 

¢ 2.6 ug of Santoquin or DPD per ml. All of these experiments 
were done on particulate preparations of beef heart (Fraction 
IV) (2). 


If the action at the lowest level of enzyme concentration in the 
absence of added tocopherol was mediated by endogenous tocoph- 
erol, it would appear that increasing the enzyme concentration 
would also increase the activity, with an increase in endogenous 
tocopherol concentration, rather than create a tocopherol “re- 
quirement” as shown above. 

Possible Model System of Aged Preparations—The deleterious 
effect of products derived from fatty acid peroxidation is well 
known. The prevention of peroxidation by tocopherol has also 
been widely studied. Recently, Tappel and Zalkin (12) demon- 
strated that tocopherol stabilizes DPNH-cytochrome c reductase 
of mitochondria undergoing peroxidation. These workers did 
not attempt to demonstrate an effect of tocopherol in activating 
DPNH-cytochrome c reductase of peroxidized mitochondria. 
Table II gives representative data on the effect of dibenzoyl 
peroxide on enzymes of the respiratory chain of beef heart muscle. 
Similar results were obtained with preparations of heart and 
skeletal muscle from other species. The data in the table demon- 
strate that the addition of very small quantities of dibenzoyl 
peroxide inhibited DPNH oxidase, DPNH-cytochrome ¢ reduc- 
tase, and succinate-cytochrome c reductase of various prepara- 
tions. This inhibition was reversed by the addition of tocoph- 
erol, but tocopheryl acetate and vitamin K, had no effect. 
Vitamin K, hydroquinone effectively reversed the peroxide inhibi- 
tion with low concentrations of peroxide. In a limited number 
of experiments, the addition of tocopheryl-quinone, coenzyme 
Qio, or coenzyme Qio reduced by potassium borohydride had no 
effect on the inhibition. 

That dibenzoyl peroxide is not a general enzyme inhibitor was 
shown by its inability to inhibit rat liver microsomal or chick 
liver mitochondrial DPNH-cytochrome c reductase and rat 
heart muscle lactic dehydrogenase. There was no evidence of 
inhibition even with four times the concentration of dibenzoyl 
peroxide usually used to inhibit the chick heart preparations. 
The respiratory enzyme systems from muscle were consistently 
inhibited by the addition of dibenzoyl peroxide. The enzyme 
systems of liver mitochondria were only slightly affected even 
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when solutions of digitonin-solubilized mitochondria were used. 
Lineweaver-Burk plots of the dibenzoyl peroxide inhibition of 
chick muscle DPNH-cytochrome c reductase revealed that the 
inhibition was noncompetitive with DPNH. When 2,6-di- 
chlorophenol-indophenol was used as electron acceptor from 
DPNH, an inhibition was also obtained with dibenzoy] peroxide. 
This system appeared more resistant to the action of dibenzoy] 
peroxide, but this may be a reflection of the ability of the 2,6- 
dichlorophenol-indophenol to destroy dibenzoyl peroxide. 

Although from the data in Table II the inhibition might appear 
to be an all-or-none phenomenon, partial inhibition was obtained 
when smaller quantities of dibenzoyl peroxide were used. In 
other experiments ditertiary butyl peroxide and tertiary butyl- 
benzene peroxide were not inhibitory to the systems shown in 
Table II. 

Table II also shows the effectiveness of the antioxidants Santo- 
quin and DPD in reversing the dibenzoyl peroxide-induced in- 
hibition of succinate-cytochrome c reductase. The antioxidants 
were slightly inhibitory to the succinate-cytochrome ¢ system 
and were very inhibitory in the DPNH-cytochrome c reductase 
system of muscle. The latter effect was observed by Nason and 
Lehman (13). Therefore we have not been able to reverse the 
peroxide-inhibited DPNH-cytochrome c reductase system with 
antioxidants. In general, under the conditions of these experi- 
ments, Santoquin was the least inhibitory of the antioxidants on 
the succinate-cytochrome c reductase system. It was also the 
most effective antioxidant in reversing the dibenzoyl peroxide 
inhibition of this system. Other antioxidants such as N,N’- 
bis(1-methylheptyl)-p-phenylenediamine, N,N’-bis(1-ethyl-3- 
methylpentyl)-p-phenylenediamine, dibutyl cresol, propyl- 
parasept, and hydroquinone showed no reversal of the peroxide 
effect or were inhibitory when used in concentrations comparable 
to the concentration of Santoquin and DPD. 

As mentioned above, several of the antioxidants are inhibitory 
to muscle DPNH-cytochrome c¢ reductase. This might appear 
important in view of the present interest in antioxidants. We 
have observed, however, that the DPNH-cytochrome c reductase 
of freshly prepared liver mitochondria is resistant to inhibition 
by DPD; digitonin-solubilized solutions of mitochondria are more 
easily inhibited. Preliminary evidence indicates that the 
digitonin-solubilized liver mitochondrial enzyme is still more 
resistant to inhibition by DPD than muscle preparations. 
Therefore, in addition to permeability, other factors may be 
involved. 

Some of the antioxidants reduce cytochrome c nonenzymati- 
cally. This could not account for the reversal of the inhibitions 
reported in this paper, since the concentration of antioxidants 
was very low and all of the reduction of cytochrome c by these 
substances was completed during the 5-minute incubation period 
before measurement of enzyme activity. Also, the antioxidants 
in the concentrations used had no effect on uninhibited, freshly- 
prepared enzyme solutions. 

Activation of Succinate-Cytochrome c Reductase of Aged Prepara- 
tions by Antioxidants—Since Santoquin was found to be as effec- 
tive as tocopherol in reversing the dibenzoyl peroxide inhibition 
of succinate-cytochrome c reductase, it was reasoned that Santo- 
quin might be effective in aged preparations which gave a re- 
sponse to tocopherol. Table III shows the response of some aged 
preparations to Santoquin, tocopherol, and to 5-pentadecyl 
resorcinol. As can be seen, Santoquin was quite effective in 
activating succinate-cytochrome c reductase. More recently we 
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have observed that tocopherol is effective in activating some 
aged preparations where Santoquin is not. There is no obvious 
explanation for this difference. 

Unlike the inconsistent activation obtained with Santoquin in 
the succinate system of aged preparations, 5-pentadecyl re- 
sorcinol showed consistent activating effects when tested in the 
succinate-cytochrome c reductase system of aged preparations. 
The effects parallel those of tocopherol in this system. At the 
concentration used in these experiments, the compound had no 
effect on succinate-cytochrome c reductase of preparations not 
showing a tocopherol effect. DPNH-cytochrome c reductase 
was inhibited by the substance; therefore it was not effective in 
this system. 

Response of Cytochrome c Reductases of Aged Preparations to 
Other Hydroxylated Lipid Compouwnds—Naphthotocopherol, 
formed by the reductive cyclization of vitamin Ki, and reduced 
vitamin K, were just as effective as tocopherol in activating cy- 
tochrome reductases of aged preparations. This is shown in 
Table IV. The ineffectiveness of tocopherylquinone is also dem- 
onstrated. Vitamin K, had no effect in any aged system tested. 


DISCUSSION 


Several recent studies on the effect of aging of enzyme prep- 
arations on electron transport and oxidative phosphorylation 
indicate that a variety of complex reactions may occur during 
the process. Consequently interpretations must be difficult 
when aged enzymes are studied. The success reported here in 
obtaining preparations which responded to tocopherol probably 
is due to the use of heart muscle from chicks on selected dietary 
regimens. It was found that preparations of heart muscle from 
chicks fed either a tocopherol-deficient diet or a diet low in 
polyunsaturated fatty acids (1% of lard) consistently showed a 
response to the addition of tocopherol after aging. It has been 
shown by Tappel and Zalkin (12) that tissues from animals de- 
ficient in vitamin E form more peroxides when incubated at 37° 
for short periods than do tissues from animals whose diet is sup- 
plemented with the vitamin. This has also been observed in our 
laboratory with vitamin E-deficient chick tissues.2 It was rea- 
soned that if the aging process produced peroxides, or other oxi- 
dation products which acted as inhibitors, then tissues deficient 
in the vitamin should be more suitable for use in studying the 
aging effect. The interrelationship of tocopherol deficiency and 
low unsaturated fatty acid intake in creating the tocopherol 
effect in aged preparations is not clear. However, it is interesting 
to note that increased oxygen consumption of tissues is found in 
the deficient state of both nutrients, Furthermore, reduced 
P:O ratios have been observed in vitamin E deficiency and in 
essential fatty acid deficiency (14, 15). 

The data in Table I relating to the kinetics of cytochrome re- 
duction by aged preparations appear to support the hypothesis 
that an inhibitor or inhibitors are present. It is important to 
note with respect to the preparations in Table I that (a) no to- 
copherol could be found in these preparations (8), (6) no sig- 
nificant effect could be demonstrated with freshly prepared en- 
zyme solutions, and (c) tocopherol had little or no effect at low 
concentrations of the enzyme. It is highly probable that more 
than one inhibitor may be formed when such preparations are 
aged. Our observations? indicate that at least three distinct 
activations may be recognized; (a) an activation by plasma albu- 


2 C. J. Pollard and J. G. Bieri, unpublished data. 
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TaB_e III 


Activation of succinate-cytochrome c reductase of aged preparations 
by tocopherol, Santoquin, and 5-pentadecyl resorcinol 











Activity* 
Preparation 
No addition |+ Tocopherol |-+ Santoquint Yb eer i 
A 85 230 258 
B 33 135 102 
Cc 74 267 260 
D 43 127 
E 40 153 133 














* Activity = AAss0 mp X 10?/2 minutes. 
7 1.3 to 5 wg of Santoquin per ml. 
19 wg of 5-pentadecy] resorcinol per ml. 


TaBLe IV 


Effects of tocopherol and other lipids on cytochrome c reductases of 
aged preparations 





Activity* 





Prepa- 


ration System + + 


No |+Toco-| Naph- | Re- {+ Toco- 
addition] pherol |thotoco-| duced | P ery 
pherol| K, [@none 








5 | Succinate-cytochrome 95 | 202 | 209 
c reductase 
6 | Succinate-cytochrome 26 | 103 86 
c reductase 
7 | Suecinate-cytochrome 121 | 288 | 278 
c reductase 
8 | DPNH-cytochrome c | 122 | 165 | 207 
reductase 
9 | DPNH-cytochrome c| 98 | 185 170 | 117 
reductase 
10 | DPNH-cytochrome c 146 | 217 214 | 125 
reductase 























* Activity = AAss50 mp X 103/2 minutes. 


min, (6) an activation by Santoquin, and also by certain hy- 
droxylated lipid substances, and (c) an activation which is spe- 
cific for the hydroxylated lipid substances. The activating effect 
of bovine serum albumin in oxidative phosphorylation of insect 
mitochondria has been ascribed to the removal of inhibitors (16). 

The nonspecificity of the stimulation of aged preparations of 
cytochrome reductases is illustrated by the effectiveness of re- 
duced vitamin K,, 5-pentadecyl resorcinol, and naphthotocoph- 
erol in addition to tocopherol. It would appear highly improb- 
able that these substances participate in electron transport. 
The presence of hydroxyl group and a long side chain are char- 
acteristics these substances have in common with tocopherol. 
The reason why reduced coenzyme Qi, which also has these 
characteristics, was inactive in aged preparations, is unclear. 

Any discussion of the nature of the inhibition in aged prepara- 
tions or of the mechanism of the removal of the inhibitor by the 
active substances must be seriously restricted until the inhibitor 
or inhibitors are isolated and identified. 

Because some differences exist between the dibenzoyl peroxide 
inhibition and the inhibition observed in aged preparations, the 
dibenzoyl] peroxide effect can only be considered as evidence that 
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an inhibition due to peroxides can occur which may be reversed 
by tocopherol and other substances. 

Since peroxides in general did not cause inhibition of enzymes 
of the respiratory chain, it follows that these compounds may 
not necessarily be the inhibitors in aged preparations. How- 
ever, there may be a special structural requirement in the perox- 
ide for it to be an inhibitor. The occurrence of peroxides, as 
measured by the thiobarbituric acid test (17), in many of the 
aged preparations reported here has been demonstrated.2 The 
possibility remains, however, that the presence of peroxides may 
be fortuitous with respect to the activity. 

The following relationships appear to exist between the studies 
reported here and those from other laboratories, especially in 
instances where isooctane extraction was used. Isooctane and 
other solvents inhibit enzymes of the respiratory chain; this in- 
hibition responds to the addition of tocopherol and a variety of 
lipids (13). Aging produces an inhibition which responds to 
tocopherol and, as has been shown in this paper, to other hy- 
droxylated lipid substances. In those instances when other neu- 
tral lipids were reported to be as effective as tocopherol in acti- 
vating cytochrome reductases after isooctane extraction, the 
inhibition was due solely to isooctane; in instances where tocoph- 
erol was found to be somewhat more effective than other lipids, a 
mixed inhibition occurred. Finally, upon aging after isooctane 
extraction, in which case tocopherol was the specific activator, 
sufficient isooctane had been removed from the enzymes and the 
inhibition was due to aging. 

The present experiments demonstrate that the activation of 
cytochrome c reductases of aged preparations is not specific for 
tocopherol. It has been suggested that the stimulation involves 
the removal of inhibitors; although this may be a biological func- 
tion of the vitamin in the intact animal, it is probably closely 
related to its action as an antioxidant. These and other data 
suggest that tocopherol does not actively participate in electron 
transport. 


SUMMARY 


The activating effect of tocopherol on aged preparations of 
chick heart cytochrome c reductases has been examined. Ex- 
periments with increasing concentrations of the aged enzyme 
preparations demonstrated that linearity of activity was not 
achieved with increasing amounts of enzyme. Linearity was ob- 
tained with freshly prepared enzyme solutions. The existence of 
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an inhibitor, or inhibitors, in aged preparations is postulated to 
account for the behavior of aged preparations. 

The stimulating effect of tocopherol on aged preparations is 
shown to be nonspecific. The activating effect of the antioxi- 
dant, Santoquin, on succinate-cytochrome c reductase of some 
aged preparations is described. The consistent activating effect 
of naphthotocopherol and 5-pentadecyl resorcinol, also an anti- 
oxidant, on succinate-cytochrome c reductase of aged prepara- 
tions which responded to tocopherol is also described. The 
efficacy of naphthotocopherol and reduced vitamin K;, in activat- 
ing reduced diphosphopyridine nucleotide-cytochrome c reduc- 
tase of aged preparations is demonstrated to be of the order of 
that of tocopherol. 

The inhibitory action of dibenzoyl peroxide on enzymes of the 
respiratory chain from muscle and the reversal of the inhibition 
by tocopherol and other antioxidants are demonstrated. 
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Thyroxine and several of its derivatives are known to in- 
crease the oxygen consumption of man and animals and various 
tissues derived from them. Also they have been reported to 
cause dissociation of phosphorylation from oxidation in liver, 
kidney, and other mitochondria. Recently it has been suggested 
that the effect of thyroxine on mitochondrial phosphorylation is 
indirect in nature and the primary effect of the hormone is prob- 
ably on the mitochondrial structure. 

In the present report we have investigated the effect of thy- 
roxine and triiodothyronine on mitochondrial oxidation and the 
correlation between triiodothyronine’s effect on oxidation and its 
effect on mitochondrial swelling. The results suggest that the 
increase of mitochondrial oxidation by triiodothyronine is re- 
lated to the swelling phenomena. 


EXPERIMENTAL 


The system to be described contained no detectable Pj in 
the final reaction mixture before or after incubation. In a 
phosphorylating system, the mitochondria used in the present 
experiments were found to yield P:O ratios of 2.7 to 3.0 with 
8-hydroxybutyrate as substrate. Deionized water was used for 
the preparation of all solutions, and since commercial cytochrome 
c contained considerable P; it was always dialyzed free of P; 
before use. Reduced cytochrome c was prepared by the method 
of Smith (2). Rat ltver mitochondria were isolated in a mixture 
of 0.3 m sucrose and 0.01 m ethylenediaminetetraacetate, pH 7.4, 
from livers of normal male Sprague-Dawley rats by differential 
centrifugation (3). All preparative operations were carried out 
at 2°. 


Spectrophotometric Determination of Mitochondrial 
Oxidation and Swelling 


After washing the mitochondria once with the isolating medium 
the pellet was treated in such a way that the mitochondria de- 
rived from 10 g wet weight of liver were suspended in 2.0 ml of a 
mixture of 0.3 m sucrose and 0.1 m Tris buffer, pH 7.4. The 
different mitochondrial suspensions used were prepared by mix- 
ing 0.2 ml of the stock mitochondrial suspensions with 20 ml of 


* Aided by grants from the American Heart Association, the Na- 
tional Science Foundation (G-1157), United States Public Health 
Service (H-2102), and the Kentucky Heart Association. 

1 Mitochondrial swelling is used in the sense that mitochondria 
swell when the mitochondrial suspension is observed to decrease 
in absorbancy after lowering of the osmolarity of the medium or 
after addition of specific swelling agents, e.g. CaCle (see reference 
(4)). 


the particular solution being studied. This dilute mitochondrial 
suspension will henceforth be referred to as the mitochondrial 
mix. Unless otherwise stated, all constituents added to the 
mitochondrial mix were prepared in deionized water. The total 
volume and the various additions are indicated in the figures. 
Thyroxine, triiodothyronine, and CaCl, were always dissolved 
in 0.01 n KOH and control reactions contained an equivalent 
amount of KOH. The pH of all reaction mixtures was 7.4 be- 
fore and after additions of the alkaline test solutions. 

Mitochondrial oxidative rates and swelling changes were stud- 
ied at 24-26° by following the decrease in absorbancy at speci- 
fied wave lengths with the Beckman automatic ratio recording 
spectrophotometer (DK-2) with time drive attachment, with 
l-cm quartz cells. Mitochondrial swelling was measured at 504 
and, in the later experiments, at 337.5 mu. All results are pre- 
sented as tracings of the recorded data and the absorbancy has 
been adjusted to zero at time zero. 

Swelling—Mitochondrial swelling was determined with the 
mitochondrial mix and test material in the sample cell and water 
in the reference cell. The exclusion of substrate from the mixture 
did not alter the rate or magnitude of swelling and thus made 
possible the independent measurement of swelling and DPNH 
oxidation at the same wave length, 337.5 my, which we deter- 
mined to be an isosbestic point for cytochrome c. Measurement 
at this wave length was chosen so as to eliminate the effect of 
oxidation and reduction of the cytochrome ¢ on the absorbancy of 
the particular reaction mixture. 

Oxidation—Oxidation of reduced cytochrome c was measured 
at 550 mu and DPNH at 345 my and in later experiments at 
337.5 mp. The oxidative reactions were carried out with the 
mitochondrial mix, test material, and substrate in the sample 
cell and the same mixture with deionized water replacing the 
substrate in the reference cell. Since the ratio of swelling in the 
sample and reference cells was always one, the decreased absorb- 
ancy was considered proportional to substrate disappearance. 


Manometric Determination of Mitochondrial Oxidation 

Oxidation of reduced cytochrome c by rat liver mitochondria 
was determined by standard manometric techniques with the use 
of a Warburg apparatus (4). The concentration of mitochondria 
per flask was equivalent to the amount of mitochondria isolated 
from 0.5 g of liver by the present isolation procedure, and Tris 
buffer was used instead of phosphate buffer. 

2 Horse heart cytochrome c and DPNH were products of the 
Sigma Chemical Company. t-Thyroxine and 3,5,3’-triiodo-L-thy- 


ronine were kindly supplied by Dr. Alfred Maass of Smith, Kline 
and French Laboratories. 
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Fig. 1. Effect of varying concentrations of thyroxine on DPNH 
oxidation. Mitochondrial stock mixture, 0.2 ml, suspended in 20 
ml of 0.075 m sucrose-0.1 m Tris buffer pH 7.4. Test system con- 
tained 2.00 ml of mitochondrial mix, 0.02 umole of cytochrome c, 
0.57 umole of DPNH, and the material being tested, in a total vol- 
ume of 3.5 ml. 1, control; 2, 0.42 umole of thyroxine; 3, 0.042 
umole of thyroxine; and 4, 0.0042 umole of thyroxine. 


RESULTS 

Thyroxine and triiodothyronine were found to stimulate mito- 
chondrial oxidation of DPNH (Figs. 1 and 2B) and reduced 
cytochrome c (Fig. 2A) in systems where phosphorylation was 
inhibited by the exclusion of several necessary cofactors. The 
stimulation of DPNH oxidation by thyroxine and triiodothyro- 
nine was found to be a function of their concentrations as shown 
in Figs. 1 and 3, respectively. CaCle, as well as thyroxine and 
triiodothyronine, has been reported to uncouple mitochondrial 
oxidative phosphorylation (1). In contrast to thyroxine and 
triiodothyronine, the inhibitory action of CaCl, on mitochondrial 
oxidation is seen in Figs. 3 and 5C. 

The ability of triiodothyronine and CaCl, to enhance mito- 
chondrial swelling has been reported (5) and the data in Fig. 3 
confirm this finding and also show that the increased oxidation 
of DPNH by triiodothyronine treatment is associated with en- 
hanced swelling. It is also shown that even though CaCl, en- 
hanced mitochondrial swelling, it inhibited slightly the oxidation 
of DPNH. It should be noted that even the lower concentra- 
tion of triiodothyronine used in this experiment stimulated 
DPNH oxidation whereas the amount of swelling associated with 
this stimulation was less than that observed for CaCl2, which 
inhibited DPNH oxidation. 

Fig. 4 shows that when the stock mitochondrial suspension 
was preincubated with deionized water instead of the buffer-su- 
crose mixture and then diluted with an equal volume of 0.1 m 
Tris, pH 7.4, there was no effect of triiodothyronine and CaCl, 
on mitochondrial swelling and DPNH oxidation. When water- 
treated mitochondria were examined with the phase contrast 
microscope no structures resembling mitochondria were observed. 

Results in Fig. 5 were obtained from an experiment designed 
to show the effect of changing osmolarity on mitochondrial swell- 
ing and DPNH oxidation in the presence of triiodothyronine and 
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Fig. 2. Effect of thyroxine and triiodothyronine on DPNH and 
reduced cytochrome c oxidation. Mitochondrial stock mixture 
0.2 ml, suspended in 20 ml of 0.075 m sucrose-0.1 m Tris buffer pH 
7.4. Test system contained 2.0 ml of mitochondrial mix, 0.01 
umole of cytochrome c, and 0.57 ymole of DPNH (A); or 0.11 
umole of reduced cytochrome c (B) and the material being tested, 
in a total volume of 3.5 ml. 1, control; 2, 0.42 umole of triiodo- 
thyronine; and 3, 0.42 umole of thyroxine. 





CaCl. The total ionic concentration remained constant for the 
various mixtures and only the concentration of sucrose was 
changed in these experiments. The mitochondria were allowed 
to come to equilibrium with the medium before the addition of 
triiodothyronine, CaCl2, or DPNH. The results shown in Fig. 
5 are consistent with previous reports concerning the effect of 
varying sucrose concentrations on mitochondrial swelling (5, 6) 
and the effect of changing osmolarity on the succinoxidase sys- 
tem of rat liver mitochondria (7). Fig. 5A shows that in the 
presence of a hypertonic medium, mitochondria not only show 
minimal swelling and suppressed DPNH oxidation, but also are 
not affected by either triiodothyronine or CaCl: As the os- 
molarity of the medium was decreased to 0.32 osmole it was 
observed (Fig. 5B) that a corresponding increase in mitochon- 
drial DPNH oxidation and swelling ensued with added triiodo- 
thyronine. When the osmolarity was lowered to 0.11 osmole 
(Fig. 5C) it was observed that the effect of triiodothyronine was 
markedly increased. The relationship between triiodothyronine 
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Fig. 3. The effect of triiodothyronine and CaCl. on mitochon- 
drial swelling (Sw) and DPNH oxidation (D-ox). Mitochondrial 
stock mixture, 0.2 ml, suspended in 20 ml of 0.025 m sucrose-0.1 
M Tris buffer pH 7.4. Test system for swelling measurements con- 
tained 2.0 ml of mitochondrial mix, 0.025 umole of cytochrome c, 
and the material being tested, in a total volume of 3.5 ml. In ad- 
dition to these components the oxidative system contained 0.57 
umole of DPNH, also in a total volume of 3.5 ml. Swelling was 
measured at 504 my and oxidation at 337.5 my. 1, control; 2, 0.041 
umole of CaCl:; 3, 0.42 umole of triiodothyronine; and 4, 0.21 umole 
of triiodothyronine. 
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Fia. 4. Effect of water pretreatment on the action of triiodo- 
thyronine and CaCl, on mitochondrial swelling (Sw) and DPNH 
oxidation (D-ox). Mitochondrial stock mixture, 0.2 ml, sus- 
pended in 10 ml of deionized water for 1 hour at 2° and then di- 
luted with 10 ml of 0.1 m Tris buffer pH 7.4. Test system for swell- 
ing and oxidative measurements were the same as in Fig. 3. 1, 
control; 2, 0.041 umole of CaCl2; and 3, 0.42 umole of triiodothy- 
ronine. 
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Fic. 5. Effect of change in osmolarity on the action of triiodo- 
thyronine and CaCl, on mitochondrial swelling (Sw) and DPNH 
oxidation (D-ox). Mitochondrial stock mixture (0.2 ml in 0.375 
M sucrose-0.1 m Tris buffer pH 7.4) suspended in 20 ml. of sucrose- 
0.1m Tris buffer, pH 7.4, mixtures of varying sucrose concentration 
so that after diluting to 3.5 ml with the various reactants the final 
osmolarity was (A) 0.540, (B) 0.320, and (C) 0.110. The test sys- 
tem for swelling measurements contained 2.0 ml of mitochondrial 
mix, 0.025 umole of cytochrome c, and the material being tested, in 
a total volume of 3.5ml. In addition to these components the oxi- 
dative system contained 0.57 umole of DPNH, also in a total vol- 
ume of 3.5ml. 1, control; 2, 0.42 umole of triiodothyronine; and 8, 
0.041 umole of CaCle. 


and CaCl, in Fig. 5B and C is similar to that seen in Fig. 3, in 
that both substances enhance mitochondrial swelling, but triio- 
dothyronine stimulates whereas CaCl. inhibits mitochondrial 
DPNH oxidation. 

Results in Fig. 6 were obtained by determining the rate of 
oxidation of reduced cytochrome c at various concentrations with 
and without thyroxine and are presented as a conventional 
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Fic. 6. Effect of varying ferrocytochrome c concentration on 
mitochondrial reaction velocities with and without L-thyroxine, 
where v is the ul of oxygen consumed per 15 minutes X 10 and [S] 
is the concentration of ferrocytochrome c in moles per liter X 10*. 


(+) corresponds to the control and (©) corresponds to 4.5 & 10-4 
M L-thyroxine added. 
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Lineweaver-Burk plot. It is seen that thyroxine “competitively 
enhances” oxidation. The experiment shown in Fig. 6 is one 
of three such experiments, all of which yielded essentially the 
same results. 


DISCUSSION 


Triiodothyronine and thyroxine have been shown to enhance 
the mitochondrial swelling. The fact that this enhanced swelling 
was accompanied by a simultaneous increase in mitochondrial 
oxidation of DPNH and reduced cytochrome c, and that distilled 
water-treated mitochondria do not respond to added triiodo- 
thyronine, tends to support the suggestion (1) that these 
substances exert their effect primarily on the mitochondrial mem- 
brane(s). The reason that CaCl, was unable to accelerate mito- 
chondrial oxidation, although it did cause enhanced swelling, is 
unknown. 

Since mitochondrial swelling has been shown to be increased 
with added triiodothyronine, independent of oxidation, we believe 
that the simultaneous increased oxidation also occurring in the 
presence of triiodothyronine is secondary to the swelling phe- 
nomena, i.e. that the increased oxidation is directly related to 
the increased mitochondrial size. Support for this conclusion 
is found in the further observation that when the triiodothyro- 
nine-enhanced swelling was “restricted” by a hyperosmolar me- 
dium, no increased oxidation was seen. This latter observation 
also suggests that triiodothyronine probably has to penetrate the 
mitochondrial membrane(s) before it can promote swelling. A 
recent report also indicates that thyroxine probably has to pene- 
trate the mitochondria before its swelling effect is observed (6). 

As a result of the increased mitochondrial surface area and 
unfolding of the cristae resulting from osmotic swelling (8), the 
enhanced mitochondrial oxidation resulting from added triiodo- 
thyronine could result from (a) an increased permeability to the 


Thyroxine and Mitochondrial Oxidation 


Vol. 235, No. 4 


substrate, or (b) by exposure of new enzyme sites, which were 
normally nonfunctional because of the highly folded nature of 
the cristae. By investigating the effect of varying substrate 
concentration on the kinetics of the mitochondrial catalyzed reac- 
tion with and without thyroxine and utilizing a rather large 
substrate, reduced cytochrome c, it was shown that the former 
case prevails. This conclusion is based on the fact that since 
the Vmax of the control system was not less than the thyroxine- 
treated system, no new enzyme sites could have been made avail- 
able during the thyroxine treatment. This increased substrate 
permeability could result in uncoupled oxidative phosphorylation 
in the hyperthyroid animal if the phosphorylative reactions were 
unable to keep pace with the increased oxidation, 7.e. if the con- 
centration of a phosphorylative cofactor(s) became limiting. 
Recent findings in our laboratory indicate that this could be the 
situation since vitamin Ki, which has been suggested as mito- 
chondrial phosphorylative intermediate or cofactor (9, 10), is 
able to partially overcome the decreased growth rate of young 
hyperthyroid chicks.* This type of physiological uncoupling 
also may be restricted to certain organs, 7.e. liver and kidney, and 
does not necessarily represent a general phenomena for all mito- 
chondria, since we have observed that thyroxine and triiodothy- 
ronine do not enhance swelling or oxidation of rat heart sarco- 
somes. 


SUMMARY 


Mitochondrial oxidation and swelling have been found to be 
enhanced by added triiodothyronine and thyroxine in a medium 
in which phosphorylation was inhibited. In the same medium 
CaCl: was found to enhance only swelling, oxidation being un- 
changed or slightly inhibited. The effect of CaCle and triiodo- 
thyroinine on mitochondrial oxidation and swelling was found 
to be a function of the osmolarity of the suspending medium. 
The implications of these findings are discussed. 


Acknowledgment—The authors are indebted to Miss Beverly 
Hartwein for her technical assistance. 
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The introduction of nonpolar solvent extraction procedures by 
Nason and Lehman (1, 2) has led to the recognition of the role 
of lipids and fat-soluble vitamins in the electron transport system 
of mitochondria. In addition to neutral lipids, phospholipids, 
and cholesterol, a-tocopherol also has been detected in mito- 
chondria (3-5). Although vitamin K, has been implicated in 
oxidative phosphorylation in mitochondria and bacteria (6-9), 
and its presence in mammalian tissue demonstrated by chick 
assay (10), its participation in electron transport has not been 
conclusively demonstrated. Recently, the discovery of a new 
group of biologically active quinones in mitochondria has been 
reported (11). These substances are capable of reactivating the 
succinoxidase of isooctane-extracted preparations and have been 
designated coenzyme Q (12). These compounds were found to 
be 6-alkenyl substituted 2,3-dimethoxy-5-methylbenzoquinones 
in which the 6-substituent is isoprenoid in nature (13). Coen- 
zyme Q appears to be closely related to ubiquinone (14, 15). A 
number of CoQ! analogues have been synthesized and found to 
possess activity in the electron transport particle (ETP) system 
obtained from heart muscle (16). 

This paper presents our experience with the succinoxidase 
system of ETP from beef heart mitochondria for the assay of 
CoQ and its analogues. Some observations on structure-activity 
relationships of CoQ analogues are reported. In addition, the 
influence of a-tocopherol and vitamin K; on the CoQ assay is 
described. 


EXPERIMENTAL 


Materials and Methods 


Preparation of Enzymes—Mitochondria were isolated from 
fresh bovine heart muscle by differential centrifugation, after 
the method of Crane et al. (17), with the following modification. 
After removal of gross debris by low speed centrifugation, the 
mitochondria were harvested with the Lourdes centrifuge 
(16,000 x g). The packed mitochondrial fraction was resus- 
pended in 8.5% sucrose solution. 

The preparation of ETP was accomplished by rupturing the 
mitochondria by the alkali method (17), and the protein content 
of the preparation was standardized by a Biuret determination 
(18). Such ETP suspensions were then extracted with isooctane 
with the use of a procedure described by Crane (19).? A sus- 


1 The abbreviations used are: CoQ, coenzyme Qio (12) (in our 
studies the term CoQ refers to CoQio in which the 6-substituent 
contains 10 isoprenoid units); ETP, electron transport particles 
(16); NL II, neutral lipid II (19); EDTA, ethylenediaminetetra- 
acetic acid. 

2? The authors wish to thank Dr. F. L. Crane, University of 


pension containing about 20 to 25 mg of protein per ml was di- 
luted with an equal volume of a buffered solution of ethylenedia- 
minetetraacetic acid (consisting of 1 ml of 0.1 m sodium EDTA, 
pH 7.0, plus 9 ml of 0.4 m acetate buffer, pH 5.5) in a glass-stop- 
pered Erlenmeyer flask. This was followed by the addition of 5 
volumes of isooctane (Eastman practical) and extraction on a 
rotary shaker (220 r.p.m., 2-inch stroke) at 28° for 1 hour. The 
emulsion was allowed to settle in a separatory funnel and the 
aqueous phase withdrawn. Residual solvent was removed by 
placing the aqueous phase under vacuum. The ETP were then 
centrifuged out at 105,000 x g in the Spinco model L and re- 
suspended in 8.5% sucrose solution to 10 mg of protein per ml. 
ETP suspensions were dispensed in vials and stored in a deep 
freeze (—15°). Under these conditions of storage the enzyme 
was stable for as long as 2 weeks; the activity declined on longer 
storage. 

Coenzyme Q Assay—The rate of succinate oxidation catalyzed 
by these preparations was determined manometrically at 37° for 
15 minutes in the Warburg apparatus, and the activity expressed 
as a specific activity (umoles of succinate oxidized per minute per 
mg of enzyme protein). The complete assay system consisted 
of the following, in order of addition:? 30 umoles of phosphate 
buffer, pH 7.5; 0.2 umoles of EDTA; 100 umoles of sodium suc- 
cinate (in side arm, tipped in at zero time); 1 mg of crude phos- 
pholipid fraction from beef heart, as aqueous suspension; 0.05 ml 
of absolute ethanol, with or without substances to be tested; 
1.0 mg of enzyme protein; and water to give a total volume of 
1.5 ml. CoQ and the synthetic analogues were dissolved in 
ethanol, and aliquots up to 0.05 ml were pipetted directly into 
the Warburg vessel immediately before addition of the enzyme. 
This resulted in a finely dispersed suspension in the case of CoQ 
and the longer chain analogues, whereas the short chain analogues 
remained in solution. 

The crude phospholipid for the CoQ assay was obtained from 
two sources. For early experiments, samples of phospholipid I 
and neutral lipid II from bovine heart mitochondria (19, 20) were 
generously supplied by Dr. Crane. Later, a crude phospholipid 
fraction, which was used for the majority of this work, was pre- 
pared from bovine heart by Dr. A. C. Page, Merck Sharp and 
Dohme Research Laboratories.‘ 





Wisconsin, for making available details of his procedures before 
publication. 

3F. L. Crane, personal communication. 

4 A homogenate of heart muscle was first extracted with acetone, 
then the residue was extracted with hot ethanol. The ethanol 
extract was concentrated, and then it was taken up in diethyl 
ether from which the phospholipid fraction was precipitated with 
acetone. 
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RESULTS 


General Considerations—The ETP prepared by the outlined 
procedure catalyzed the oxidation of succinate at a rate approxi- 
mating 1.0 umole of succinate per minute per mg of enzyme pro- 
tein. Extraction of ETP with isooctane resulted in complete loss 
of activity. As indicated previously (11), it was possible to re- 
activate ETP by the addition of CoQ or cytochrome c to the 
reaction vessel. Table I contains representative results which 
illustrate the depletion and restoration of succinoxidase activity 
of ETP. Although phospholipid itself cannot reactivate suc- 
cinoxidase, it has a marked potentiating effect on CoQ activity. 
The addition of phospholipid enhanced CoQ activity as much as 
80%. 

A linear response to CoQ was obtained up to a maximum 
which varied with the enzyme preparation, but never exceeded 
60% of the activity of unextracted ETP. A representative dos- 
age response curve to CoQ obtained with ETP preparations is 
shown in Fig. 1. 


TABLE I 
Reactivation of succinoxidase activity by various supplements 











Supplements 
’ Succin- 
eennens Cc | Phospho- | Neutral | a-Tocoph- ae 
(0.25 mg) | lipid lipid II erol 
| (img) | (0.25 mg) | (0.2 mg) 

Unextracted ETP 1 1.00 
Extracted ETP 1 0.00 
Extracted ETP 1 + 0.19 
Extracted ETP 1 + | 0.00 
Extracted ETP 1 + + | 0.34 
Extracted ETP 1 a + | + 0.44 
Extracted ETP 2 oP oe 0.41 
Extracted ETP 2 + + | + 0.44 
Extracted ETP 3 fF oS 0.43 
Extracted ETP 3 + + oh 0.62 
Extracted ETP 3 4. + 0.00 




















* Specific activity = wmoles of succinate oxidized per minute 
per mg of enzyme protein. 
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Fia. 1. Effect of increasing amounts of CoQ on restoration of 
succinoxidase. 
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Fic. 2. Effect of a-tocopherol and vitamin K,; on CoQ response 
of ETP. A, no addition; B, addition of 300 ug of vitamin K,; C, 
addition of 100 ug of a-tocopherol; D, addition of 300 ug of a-to- 
copherol. 


SPECIFIC ACTIVITY 
(2 MOLES SUCCINATE / MIN./MG. PROTEIN) 


Statistical analysis of the data obtained with several ETP 
preparations indicates that wide variation is encountered among 
different enzyme preparations. Less variation is obtained be- 
tween different experiments with the same preparations and the 
least variation is found among replicates within an experiment. 

Crane et al. (19, 20) have observed that the addition of a lipid 
fraction from ETP, designated NL II, stimulated CoQ activity, 
although devoid of CoQ activity itself. Furthermore, they 
found that, with preparations “aged” 3 days at —15°, it was 
necessary to add both a-tocopherol and NL II to achieve maxi- 
mal CoQ response. The supplementation of CoQ with a-to- 
copherol in the absence of NL II had no effect. 

With the use of a sample of Crane’s NL II, we also noted the 
stimulatory effects of NL II and a-tocopherol (in the order of 
30%) with some but not all ETP preparations. As illustrated 
in Table I, Preparation 1 was stimulated by added NL II, 
whereas Preparation 2, in which the rate of oxidation was al- 
ready high, was unaffected by NL II supplementation. Con- 
trary to the findings of Crane et al. (19, 20), we could demonstrate 
the stimulatory effect of a-tocopherol in the absence of added 
NL II. Table I shows the stimulation of CoQ response of 
Preparation 3 by a-tocopherol (which in itself had no CoQ ac- 
tivity). 

Of the dozen extracted ETP preparations made in the course 
of our studies, approximately one-third were only poorly re- 
activated by CoQ (20 to 25% of the usual specific activity). 
Further investigations with these preparations demonstrated 
that the addition of a-tocopherol or vitamin K, or NL II greatly 
enhanced their response to CoQ (up to 4-fold). Fig. 2 shows the 
effect obtained with a-tocopherol and vitamin K, with one such 
preparation. With this preparation, menadione and squalene 
exhibited similar but much less marked stimulation of CoQ ac- 
tivity (up to 2-fold), whereas phytol and the diacetate of vitamin 
K, hydroquinone were without effect. 

Activity of CoQ Analogues—A series of 6-alkyl and alkenyl 
substituted CoQ analogues synthesized in the Merck Sharp and 
Dohme Research Laboratories (13, 16)® were tested for CoQ ac- 


5 Details of the synthesis of compounds not previously reported 
will be described in a separate publication. 
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TaBLeE II 
Activity of 6-substituted CoQ analogues 

















: Relative 
— Side chain giles salar 

Pid nclaciditesocless,dlaanioen eee 50 100 
Wicosaligdee Cosa é oa cc cngcedisiessan of 50 100 
CY RINNE 80s chars oun rico minarets 50 <1 
3’,7’,11’, 15’, 19’-Pentamethy]-2’ ,6-eicosa- 

dienyl (hexahydro CoQs)..............- 25 35 
3’-Methyl-2’-eicosenyl.................... 21 25 
3’,7’,11’,15’ - Tetramethyl - 2’ ,6’,10’,14’ - 

hexadecatetraenyl (CoQ,).............. 20 40 
Phytyl (hexahydro CoQ,)................ 20 40 
ante EES EL RI 17 25 
WOrUGG) (OGG oo icoe ccs sscicessguneneees 15 10 
CEN ro oss ssn eas vee eae 15 20 
Geratigl. (Gee) ai. 655: dek: stds wae ow vied steyeate 10 2 
LL a een eeer mers Mer 7 <1 
3'-Methyl-2’-pentenyl................... 6 <3 
3’-Methyl-2’-butenyl (CoQ:)............. 5 <1 
ee en USER PORE seen aI ae OE, c- 1 2 
Getta. de ok eae 0 <1 

* CoQ = 100 
tivity. The results of these tests are tabulated in Table II. 


They can be summarized as follows. (a) The quinone structure 
is essential to activity. Conversion of the hydroquinone to the 
diacetate resulted in complete loss of activity. (6) Unsaturation 
of the side chain is not essential to activity; saturated CoQ is 
equally active. (c) A branched side chain is not essential to ac- 
tivity; the farnesyl and pentadecyl analogues are both active. 
In our hands the straight chain compound appears more active 
than the unsaturated and branched farnesyl analogue. (d) 
Length of side chain is critical; a carbon skeleton of at least 15 
carbons is necessary for appreciable activity. Only the geranyl 
and methyl analogues of those below 15 carbons showed even 
slight activity. 

Table III shows that the two methoxy groups are essential to 
activity. Substitution of an ethoxy group (21) for a methoxy 
resulted in a 60% loss in activity. Replacement of the second 
methoxy group with an ethoxy caused a still further diminution 
in activity (10% of CoQ). Substitution of isoamyloxy groups 


Taste III 
Effect of ether substitution on CoQ activity 











Compound R activitys 
CoQ Methoxy methoxy 100 
Ethoxy CoQ Methoxy ethoxy 40 
Diethoxy CoQ Ethoxy ethoxy 10 
Isoamyloxy CoQ Methoxy isoamyloxy 10 
Di-isoamyloxy CoQ Isoamyloxy isoamyloxy <1 








D. Hendlin and T. M. Cook 





*CoQ = 100. 
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for methoxy had a more drastic effect on CoQ activity. The 
diisoamyloxy analogue had less than 1% the activity of CoQ. 

CoQ Activity of Other Compounds—We have evaluated several 
lipid soluble materials reported active in similar systems by 
others. Vitamin Ki, a-tocopherol, squalene, and phytol were 
devoid of CoQ activity. 


DISCUSSION 


Our studies on succinoxidase activity of ETP lead us to con- 
clude that the system under study is indeed a complex one. 
Marked variations make it difficult to quantitate results with 
the precision achieved with other biological assays, such as 
microbial assays of vitamins and amino acids. Nonetheless, 
there is more than sufficient reproducibility for one to draw 
generalizations relative to the activity of compounds in reacti- 
vating the succinoxidase of isooctane-extracted ETP. 

Evaluation of a series of CoQ analogues leads us to conclude 
that a highly specific chemical structure is essential for CoQ ac- 
tivity. Most important for the integrity of the molecule is an 
intact quinoid structure, as evidenced by the complete inactivity 
of the diacetate of CoQ hydroquinone. This finding supports 
the view that CoQ may participate directly as a carrier in elec- 
tron transport. The methoxy groups in positions 2 and 3 also 
appear to be of importance. Replacement of these groups by 
higher homologues results in a marked decrease in activity. 
Length of side chain of the 6-substituent is also critical. Ac- 
tivity decreases with decreasing length of the side chain so that 
substituents containing less than 15 carbons have very little, if 
any, activity. 

In view of the lipophilic nature of CoQ and its intimate as- 
sociation with lipoprotein of ETP (22, 23), one wonders whether 
the decrease in activity observed with the shorter side chain 
analogues is not directly related to their decreasing lipid solu- 
bility. 

Unsaturation and isoprenoid configuration appear to be of 
least importance for reactivation of the succinoxidase system. 
The full activity of eicosahydro CoQ and the comparative ac- 
tivities of the farnesyl, pentadecyl, and heptadecyl analogues 
lead us to this conclusion. 

It is interesting to note that, as others before us (19, 20, 24— 
26), we too have found that lipids (phospholipids and neutral 
lipids) play an important role in electron transport. In our ex- 
periments we have noted that phospholipid enhances the activity 
of CoQ about 2-fold. However, it should be kept in mind that 
phospholipid itself has no reactivating effect on the inactivated 
system. It therefore seems possible, under certain conditions of 
preparation wherein sufficient CoQ remains in the particle, that 
phospholipid and neutral lipid alone could reactivate the system. 

What role lipids play in electron transport is not sufficiently 
clear as yet. They could conceivably function as Nason et al. 
(26) postulated by solubilizing fat-soluble quinones, thus making 
them more readily available to the site at which they function. 
The presence of both neutral and phospholipids in purified prep- 
arations of cytochrome oxidase, and the cytochrome b-cyto- 
chrome ¢; fragment (5, 27), and the ability of phospholipids to 
reactivate cytochrome oxidase (28, 29) suggest that in our sys- 
tem the phospholipid may act to restore the cytochrome oxidase 
portion. The finding of a lipid-soluble cytochrome c, and that 
the addition of phospholipid to aqueous cytochrome c renders it 
lipid-soluble (30), indicates a way in which this restoration might 
be accomplished. 
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Similarly, we have noted a marked enhancing effect of a-to- 
copherol and vitamin K; on CoQ activity. One could conceive of 
preparations in which extraction was such that a-tocopherol be- 
comes rate limiting and its addition to the system could markedly 
enhance succinoxidase activity. In no instance, however, were 
we able to elicit a response from our extracted preparations with 
a-tocopherol and vitamin K, in the absence of CoQ. 

We believe that our results tend to reconcile the observations 
of Nason and Lehman (1, 2), who have shown a requirement for 
a-tocopherol and neutral lipid, and Crane e¢ al. (19), who have 
demonstrated a requirement for CoQ in the succinoxidase sys- 
tem. We have observed a considerable effect of a-tocopherol on 
succinoxidase and the essentiality of CoQ for the reaction. 

Recently, Weber e¢ al. (31, 32), with the use of a preparation 
similar to ours, reported that isoprenoid compounds other than 
CoQ were capable of reactivating the succinate-cytochrome c 
reductase of isooctane-extracted ETP. They found such com- 
pounds as phytol, squalene, and vitamin K; to possess activity, 
and that the diacetate of vitamin K, hydroquinone was equally 
active. 

Contrary to the experience of these workers, we have found 
the CoQ structure to be essential to activity and were unable to 
reactivate our system with K,, menadione, a-tocopherol, or 
squalenealone. Furthermore, the diacetate of the hydroquinone 
of CoQ was devoid of activity. 

There are several reasons which may account for the differences 
between laboratories. Weber et al. (31, 32) used a cytochrome 
c reductase system, supplemented with cytochrome c. Our stud- 
ies and those of Crane et al. (19) established the fact that cyto- 
chrome ¢ can replace CoQ for activity of isooctane-extracted 
ETP. Thus, any specific CoQ requirement in the reductase 
system would have been masked. Furthermore, the cytochrome 
c reductase system was not as exhaustively extracted as our 
ETP system. 

Recently, several laboratories have reported (33-35) that the 
inactivation of heart muscle preparations by isooctane extraction 
is due primarily to the toxicity of the solvent rather than the 
removal of an essential cofactor. In these several studies, non- 
specific reactivation was obtained with a-tocopherol, vitamin 
K,, ubiquinone, and Tween 80. In the light of these findings, it 
is possible that the nonspecific reactivation of isooctane-extracted 
preparations obtained with isoprenoid-containing compounds by 
Weber et al. (31, 32) may be due to neutralization of isooctane 
toxicity. 

It is possible that, after exhaustive isooctane extraction, one 
might encounter solvent toxicity superimposed upon CoQ 
depletion. This phenomenon cannot be discounted as one pos- 
sible explanation of the enhancement of CoQ activity by a-to- 
copherol and vitamin K; observed with certain of our prepara- 
tions. However, the failure of the diacetate of vitamin K, 
hydroquinone and phytol to similarly enhance the activity of 
CoQ would make this explanation unlikely. 

The recent observation by Lester and Fleischer (36) that CoQ 
is essential also in acetone-extracted mitochondria, and our ob- 
servations on the highly specific structural requirements for suc- 
cinoxidase reactivation, support the contention that CoQ is 
indeed a cofactor in electron transport and that its requirement 
is not simply a result of solvent toxicity. 


Activity of CoQ: and Analogues in Succinate Oxidation 
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SUMMARY 


With the use of isooctane-extracted electron transport particles 
from bovine heart mitochondria, the restoration of succinoxidase 
activity by various compounds has been studied. The specific 
reactivation of this system by coenzyme Qi has been confirmed. 

Evaluation of a series of coenzyme Qio analogues indicates that 
coenzyme Qio activity is associated with a highly specific chem- 
ical structure. This structure consists of a 2,3-dimethoxy-5- 
methyl-6-alkylbenzoquinone in which the 6 substituent must be 
of at least 15 carbons. Based on the activities of the alkyl and 
alkenyl analogues tested, it would appear that loss of unsatura- 
tion does not destroy functionality of the molecule. 

An enhancement of coenzyme Qu activity by a-tocopherol and 
vitamin K,; was observed with certain preparations of electron 
transport particles. 


Acknowledgment—The authors are indebted to Mr. A. Itkin 
for the statistical analysis of the CoQ assay. 
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It has been known for some years that the aerobic oxidation of 
choline is readily brought about by rat liver preparations (1) and 
that this process, in common with other respiratory activities, is 
confined to the mitochondrial fraction of the liver homogenate 
(2). The enzyme responsible for the initial dehydrogenation 
step has been partially purified from rat liver mitochondria (3). 
It was therefore surprising when it was demonstrated (4) that the 
oxygen uptake of freshly isolated rat liver mitochondria (diluted 
into an isotonic medium used for the study of oxidative phos- 
phorylation (5)) was not stimulated by the addition of choline, 
although adenosine diphosphate or an uncoupling agent was pres- 
ent to ensure that the respiration was not limited by phosphoryl- 
ation processes and the addition of other substrates such as B- 
hydroxybutyrate or succinate brought about vigorous respira- 
tion. 

It will be shown below that this failure to elicit choline oxidase 
activity is due to the high ionic concentration of the medium. 
This inhibition is relatively short lived when the mitochondria are 
shaken at 38°, which accounts for the fact that this effect has not 
been previously reported by investigators using the manometric 
method to measure the uptake of oxygen by their preparations. 


EXPERIMENTAL 


Measurements of oxygen uptake were made with a simple po- 
larographic device consisting of a platinum microelectrode polar- 
ized at —0.6 volt with respect to the anode which consisted of a 
piece of heavy silver wire. The microelectrode was made of 
0.008-inch platinum wire sealed into glass and projecting approx- 
imately 0.5 mm. The electrode assembly dipped into a small 
flat-bottomed glass vessel approximately 20 mm in height and 
12 mm in diameter. The glass vessel was mounted in a Lucite 
cup which was rotated at 150 r.p.m. It is possible to make ad- 
ditions (of substrates or inhibitors) to the rotating cup without 
the large stirring artifacts in the diffusion current which occur 
when a stationary electrode is used. The records shown in this 
paper were made on a Leeds and Northrup Speedomax millivolt- 
meter connected across a 3000-ohm resistance in the polarographic 
circuit. 

Mitochondria were isolated from rat liver by differential cen- 
trifugation in the usual manner (6) and suspended in a final vol- 
ume of 0.25 m sucrose equal to one-tenth of the weight of liver 


* This research was supported in part by a research grant 
(A-3523 Nutr.) from the National Institute of Arthritis and 
Metabolic Disease, United States Public Health Service and in 
part by the National Research Council of Canada. Mr. Paha- 
pill’s assistance was rendered during his tenure of a Summer 
Fellowship of the Muscular Dystrophy Association of Canada. 


used. The quality of the preparations was routinely assayed by 
measuring the stimulation of the respiration (glutamate as sub- 
strate) by 2 X 10-5 m 2,4-dinitrophenol. In no case was this 
stimulation less than 6-fold. 


RESULTS 


Typical records are shown in Figs. 1 and 2. It will be observed 
that in the lightly buffered KCl medium used in the experiment 
shown in Fig. 1 the respiration of the freshly diluted mitochondrial 
preparation was not stimulated by the addition of choline, al- 
though the expected increase in respiration occurred when suc- 
cinate was added. 

Choline failed to stimulate the respiration of mitochondria 
freshly diluted into 1.0 mm phosphate buffer made isotonic with 
0.15 m solutions of LiCl, NaCl, KCl, CsCl, NH,Cl, KI, K2SO,, 
and tetraethylammonium bromide. 

However, the inability of the freshly diluted mitochondria to 
oxidize choline in a predominantly ionic medium typified in Fig.1 
may be contrasted with the result shown in Fig. 2 where it is 
demonstrated that, in a lightly buffered sucrose medium, the mi- 
tochondria respired actively with choline as substrate. Com- 
parison of Fig. 1 and 2 makes it possible to speak of an inhibition 
of choline oxidase by KCl. In fact, the relationship between 
choline oxidation and KCl concentration is complex as is shown 
by Fig. 3 but it should be noted that, although it has always been 
observed that choline respiration is nearly completely inhibited 
by concentrations of KCl higher than 0.1 m, there are marked 
variations in the response of different mitochondrial preparations 
to lower concentrations of KCl. In view of these variations and 
of the stimulation shown by nearly all preparations in 0.015 m 
KCl it has not been possible to obtain quantitative data which 
could be expressed as a K; for KCl. 

It should be emphasized that this “inhibition” is only obtained 
in freshly diluted, carefully prepared mitochondria. Mitochon- 
dria may be readily obtained in a state in which they will respire 
vigorously upon the addition of choline even in media of high 
ionic concentration. The record shown in Fig. 4 was obtained 
with mitochondria which, after the third high speed centrifuga- 
tion in the preparative procedure, had been suspended in 1.0 mm 
phosphate buffer, pH 7.0 at a dilution of 10 ml of buffer for each 
gram of liver used for the preparation. The suspension was al- 
lowed to stand at 0° for 30 minutes and then centrifuged at 10,000 
r.p.m. for 40 minutes, the pellet being resuspended in 0.25 m su- 
crose as in the mitochondrial preparation. Other treatment be- 
sides exposure to hypotonic conditions will produce mitochondria 
which are insensitive to ionic media in respect of their respiration 
with choline as substrate. After exposure to 0.06% sodium deox- 
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Fic. 1. Polarographie record of the respiration of rat liver mitochondria. Additions were made to the rotating cell as indi- 
cated. Note that the presence of choline fails to enhance the mitochondrial respiration above the endogenous level. 
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Fic. 3. The extra oxygen consumption brought about by addi- 
tion of 2.0 mm choline to mitochondria in media of varying KCl 

Fic. 2. This tracing should be compared with that of the content. All media were brought to 0.30 osmolar by addition of 
previous figure. The addition of choline causes a marked stimu- sucrose. The respiration is plotted as a percentage of that found 
lation of respiration. in 0.30 m sucrose, 1.0 mm phosphate buffer, pH 7.2. 
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ycholate at 0° for 5 minutes, or after repeated freezing and thaw- 
ing, the mitochondria, when diluted into a KCI-1.0 mm phosphate 
medium, respired actively upon the addition of choline. Also, 
the addition of 1.0 mm Ca** after choline will relieve the “inhib- 
itory” effect of ionic media. This sensitivity of the “inhibitory” 
system to factors which affect mitochondrial integrity is presum- 
ably the reason why it has not been heretofore reported. This 
interpretation was supported by attempts to simulate the con- 
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Fic. 4. A record of the respiratory response of hypotonically 
treated mitochondria to the addition of choline. For preparation 
of mitochondria see text. 
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Fic. 5. Polarographie tracing of choline respiration obtained 
with mitochondria treated under the conditions of a manometric 
experiment. 
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Fic. 6. The respiration of mitochondria following the addition 
of 2.0 mm choline at various times after dilution into 0.15 m KCl, 
1.0 mm phosphate buffer pH 7.2, and shaking in a Dubnoff incu- 
bator. Temperatures shown on graph. Respiration rates plotted 
as a percentage of that found in buffered 0.30 m sucrose. 


ditions of conventional manometric experiments in which mito- 
chondria were diluted into the KCI-1.0 mm phosphate medium 
as in Fig. 1 but were then shaken in a Dubnoff incubator and 
samples withdrawn at various times for the measurement of re- 
spiratory activity by the polarographic technique. A typical 
result is shown in Fig. 5, and the results of a number of experi- 
ments are collected in Fig. 6 where it is seen that the kinetics of 
decay of the “inhibition” may be represented by doubly inflected 
curves. 


DISCUSSION 


It would appear from these results that the failure of mito- 
chondria suspended in predominantly ionic media to respire upon 
the addition of choline is probably due to a failure of this sub- 
strate to penetrate to the locus of choline dehydrogenase activ- 
ity within the particles. In mitochondria which have been 
treated in the ways described above, such access must take place 
more easily and choline oxidation proceeds readily. It is note- 
worthy in this respect that the curves of Fig. 6 are S-shaped and 
thus resemble the progress curves obtained during the lysis of 
erythrocytes. 

However, it is necessary to seek a more sophisticated explana- 
tion than the simple impermeability of the mitochondrial mem- 
brane to choline which was invoked as an explanation of these re- 
sults when they were first reported (4). It cannot be presumed 
that mitochondrial structure is less well preserved in 0.30 m su- 
crose than in 0.15 m KCl, yet mitochondria diluted into the 
former will actively oxidize choline. 
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No final explanation of these results has yet been arrived at, 
although one may suggest, as a provisional hypothesis, that the 
mitochondrial membrane has only a limited number of sites 
through which choline may penetrate and that potassium and 
other cations can compete with choline (which is itself positively 
charged at the pH of these experiments) for such sites. Although 
the cationic nature of choline makes such a theory plausible, it 
must be noted that since it has not been possible to find any ionic 
solution which does not bring about this “inhibition,” one cannot 
distinguish the roles of cations and anions in this phenomenon. 
A quantitative comparison of the inhibitory effects of KCl and 
K.SO, has been attempted and, in agreement with the suggestion 
that it is the cationic concentration which is effective, it appears 
from this study that K2SO, solutions are about 2.0 times (stand- 
ard error = +0.2) as effective as equimolar solutions of KCl. 
However, as mentioned above, the response of different mito- 
chondrial preparations to solutions less than 0.10 m in KC! is 
rather variable and it is doubtful whether the data are sufficiently 
accurate to rule out completely the relative efficacies of 3.0 and 
1.5 which would be found if either ionic strength or total ionic 
concentration were the effective factors. 

From the standpoint of technique these results clearly suggest 
that mitochondrial integrity is not completely preserved under 
the conditions of a conventional manometric experiment, and 
thus further emphasize the utility of the polarographic method 
for oxygen consumption measurements. 

The biological significance of this phenomenon is difficult to 
estimate. It may imply that the direct oxidation of choline is 
quantitatively less significant in the metabolism of this compound 
than has hitherto been assumed. If this is so, the metabolic 
pattern of choline in the liver of the rat may resemble more 
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closely that found in animals such as the guinea pig, in which 
choline oxidase is absent. 


SUMMARY 


Rat liver mitochondria diluted into 0.30 osmolar solutions will 
not oxidize choline if the composition of the isotonic medium is 
predominantly ionic. On the other hand, in buffered isotonic 
sucrose solutions the mitochondrial suspension takes up oxygen 
actively when choline is added. The “inhibitory” effects of salt 
solutions are not obtained with damaged mitochondria and are 
apparently exerted by a failure of choline to penetrate to the site 
of choline dehydrogenase activity. 
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Most of the research concerning the biological role of vitamin 
K, (2-methyl-3-phytyl-1 ,4-naphthoquinone) has been concerned 
with its function in blood clotting (1); however, substances which 
possess vitamin K activity are found in organisms such as bac- 
teria and higher plants (1, 2) which have no blood-clotting system. 
The role of the vitamin in these organisms has not been estab- 
lished but may be related to one of the unique properties of 
naphthoquinones, viz. the ease with which they undergo oxida- 
tion and reduction. The possible participation of a naphtho- 
quinone in electron transport was suggested by a previous study 
(3, 4), in which an enzyme from Escherichia coli was described 
which catalyzed the transfer of electrons from the reduced pyri- 
dine nucleotides to menadione (2-methyl-1 ,4-naphthoquinone) 
and was accordingly designated pyridine nucleotide-menadione 
reductase. This activity was also found in mammalian and 
plant tissues. Vitamin K,, tested as an emulsion, could not sub- 
stitute for menadione as an electron acceptor. Whether this was 
due to the unsuitable nature of the emulsion or due to the spec- 
ificity of the enzyme was not determined. 

In order to determine whether vitamin K, could serve as an 
electron carrier, various agents were used to solubilize it for test- 
ing with a menadione reductase from dog liver. Of the agents 
tried, BRIJ-35 (polyoxyethylene lauryl alcohol) served well in 
solubilizing vitamin K, so that it could replace menadione in the 
assay system. The present report is concerned with the purifi- 
cation and properties of an enzyme from dog liver which cata- 
lyzed the reduction of vitamin K). 


EXPERIMENTAL 


Materials 


Cofactors and Other Reagents—DPN and TPN were obtained 
from the Pabst Laboratories; deamino DPN from the Nutritional 
Biochemicals Corporation. The pyridine nucleotides were re- 
duced enzymatically as previously reported (4); chemically re- 
duced TPNH was prepared with the use of the procedure de- 
scribed elsewhere (5). FAD and FMN! were obtained from the 
Sigma Chemical Company; d-a-tocopherol, d-a-tocoquinone, 
naphthoquinones, and nitrophenols from Eastman; vitamin K,; 
from Nutritional Biochemicals and from Merck Sharp and 
Dohme; DEAE-cellulose from Brown and Company; BRIJ-35 
(Lot 230) from the Atlas Powder Company. Coenzyme Q:o was 
kindly provided by Dr. Kar] Folkers of Merck Sharp and Dohme. 
Glass-distilled water was used in the preparation of all reagents. 


* This research was supported in part by a grant (H3055) from 
the United States Public Health Service. 
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Methods 


Vitamin K, was solubilized as follows: 0.1 ml of vitamin K, was 
suspended in 10 ml of an aqueous solution of BRIJ-35 (0.25 g 
per ml), diluted with 60 ml of water, and heated in a tightly 
stoppered 100-ml volumetric flask at 105 to 115° for about 16 
hours. Any droplets of vitamin K; were removed by filtration. 
The filtrate, designated solubilized vitamin K,,? was stored at 
room temperature and protected from light. The concentration 
of vitamin K;, in the filtrate was determined by the procedure of 
Irreverre and Sullivan (6) and provided the characteristic color 
of 2,3-alkyl-disubstituted naphthoquinones. The ultraviolet 
spectrum of solubilized vitamin K,, even after storage for a few 
weeks, was essentially the same as that of a fresh solution of 
vitamin K, in ethanol. With the use of the chromatographic 
procedures described below, solubilized vitamin K, migrated the 
same as vitamin K, in ethanol. Since the solubilized prepara- 
tions of vitamin K, provided the same color reaction in the chem- 
ical determination, exhibited the same ultraviolet spectrum, and 
provided the same Ry values as untreated vitamin K,, the vita- 
min did not appear to have been degraded by solubilization. 
Solutions of menadione were prepared for use by dissolving 5.4 
mg of menadione in 1.0 ml of acetone and then rapidly diluting 
to 100 ml with distilled water. 

Chromatography—The solvent systems described by Green and 
Dam (7) were used for the paper chromatography of vitamin K, 
and the solubilized preparations. In the present studies, de- 
scending paper chromatograms were carried out on Schleicher 
and Schuell Paper 2499 at 25° to 27° for 16 to 20 hours. With 
the isopropanol-acetic acid-water system the Rp values were ap- 
proximately 0.28 and with the n-propanol-acetic acid-water sys- 
tem approximately 0.76. 

Cell Fractions—Rat and dog liver homogenates were prepared 
in 10 volumes of 0.25 m sucrose containing 1 X 10-* m ethyl- 
enediaminetetraacetate, pH 7.4, with a Teflon homogenizer at 
0°. Cell fractions were obtained by differential centrifugation 
essentially according to Schneider and Hogeboom (8). 

Assay Procedures—Enzymatic activity was measured at 22 to 
25° in a Beckman model DU spectrophotometer (light path 1.0 
em) by following the oxidation of reduced pyridine nucleotides 
at 340 my. Since vitamin K; and menadione absorbed at 340 mu 
they were added to the check cell which included all additions 


2 The average molecular weight of BRIJ-35 was reported to be 
about 1215, while the micellar molecular weight at 25° was 48,800 
(personal communication, Dr. Paul Becher, Atlas Powder Com- 
pany). On the basis of chemical determinations for vitamin K; 
in these preparations, this corresponded to about 1 molecule of 
vitamin K, per BRIJ-35 micelle, assuming the heat treatment 
caused no change in the micelle molecular weight. 
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Fic. 1. Time course of reaction and proportionality of concen- 
tration of enzyme to DPNH oxidized. Enzyme assay as described 
under ‘‘Methods.”’ 


but DPNH and enzyme. After addition of the enzyme, the de- 
crease in absorbancy was measured at 15- to 30-second intervals 
(Fig. 1) for the first 3 minutes. Corrections were made for the 
fractions which oxidized DPNH in the absence of vitamin K, or 
menadione. 

Vitamin K, Reductase Assay—This system contained 150 
pmoles of imidazole buffer, pH 7.4, 0.9 umole of solubilized vita- 
min K;, (about 0.3 ml), 0.005 umole of FAD, 0.3 umole of DPNH, 
enzyme and water to a final volume of 3.0 ml. In most of these 
studies an amount of enzyme causing a change in absorbancy of 
0.030 to 0.100 per minute was used; in this range, activity was 
approximately proportional to enzyme concentration (Fig. 1). 
A unit of enzyme is defined as the amount of enzyme which causes 
the oxidation of 1 umole of DPNH per minute as calculated from 
the change between the 15 and 45 second readings. Specific ac- 
tivity is expressed as units per mg of protein. Protein concen- 
tration was determined by the procedure of Lowry ef al. (9) in 
the crude fractions and by ultraviolet absorption (10) in the more 
highly purified fractions. 

Menadione Reductase Assay—This system contained 185 
umoles of Tris buffer, pH 8.2, 0.3 umole of menadione, 0.3 umole 
of DPNH, 0.005 umole of FAD, water and enzyme to a final vol- 
ume of 3.0 ml. Activity, units, and specific activities were 
determined as above. 


RESULTS 


Preparation of Homogenate—Medium sized dogs of various 
breeds were killed with pentobarbital and bled by severing the 
neck arteries. The livers, weighing 300 to 400 g, were perfused 
with cold 0.9% NaCl solution, removed from the animal, and 
chilled. 

All steps of the purification procedure summarized in Table I 
were carried out at about 0°. The liver was cut into small pieces 
and homogenized in a Waring Blendor for 2.5 minutes with 2 
volumes of distilled water (Fraction I). The pH of the homog- 
enate was adjusted to 6.9, centrifuged, and the sediment dis- 
carded. Unless otherwise indicated all centrifugations were at 
about 25,000 x g for 30 minutes. The supernatant fluid con- 
tained a variable but appreciable amount of DPNH oxidase 
which was reduced to a low level by adjusting the pH of the 
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sample to 6.0 and storing it for at least 1 week at —17° before 
carrying out the next step. 

Butanol Fractionation—The precipitate formed on thawing the 
preparation was removed by centrifugation. An equal volume 
of n-butanol was added to the preparation over a period of 15 
minutes, and after an additional 15 minutes, the mixture was 
centrifuged. ‘The aqueous phase was allowed to stand overnight 
and the sediment which formed was removed by centrifugation 
for 15 minutes at 2,000 x g. The supernatant fluid was desig- 
nated Fraction II. 

Acetone Fractionation—Acetone was added to a final concen- 
tration of 30% and the mixture allowed to stand 10 minutes, 
after which, it was centrifuged at 2,000 x g for 15 minutes. The 
precipitate was discarded and the acetone concentration in the 
supernatant fluid was increased to 50% and after 10 minutes was 
recentrifuged. The supernatant fluid was discarded, the precip- 
itate was suspended in 10 to 20 ml of 0.01 m potassium phosphate, 
pH 7.4, and transferred as a suspension to a dialyzing casing and 
dialyzed with mechanical agitation for 4 hours against 2 liters of 
the suspending media, after which, the sample was prepared for 
column chromatography by dialysis overnight against 2 liters of 
0.01 m Tris buffer, pH 8.9. 

Purification on DEA E-Cellulose Column—The dialyzed enzyme 
(Fraction IIT) was chromatographed on a column! of DEAE-cel- 
lulose (5 cm in diameter and about 40 cm in length after packing 
under pressure, 10 p.s.i.) which had been equilibrated with 0.01 
M Tris buffer, pH 8.9. The enzyme sample, usually 60 to 80 ml, 
was applied to the column at a rate of about 70 ml per hour and 
followed by a wash with 200 ml of the equilibrating fluid. The 
enzyme was eluted with the use of a gradient eluting system with 
an apparatus similar to that described by Busch e¢ al. (11). The 
mixing chamber contained 150 ml of 0.01 m Tris, pH 8.9 and the 
reservoir contained 0.1 m Tris, pH 8.9, containing 0.3% NaCl. 
Fractions (10 to 14 ml) were collected on a fraction collector at 
arate of about 70 ml per hour. The protein content of the eluate 
was measured by ultraviolet absorption and enzyme activity by 
the standard vitamin K, reductase assay. The first protein usu- 
ally appeared in the effluent after about 300 ml, but the vitamin 
K, reductase activity was usually associated with the second pro- 
tein peak. During purification the yield and increases in specific 
activity of vitamin K, reductase and menadione reductase activ- 
ity ran parallel. During the above purification, DPNH oxidase 
and DPNH cytochrome c reductase (12) were removed so that 
little if any of these were found in the final preparations which 


TABLE [| 
Summary of purification of vitamin K, reductase from dog liver* 

















Fraction No. | Volume | Unitst bn Specie 
: «| Sate 
I. Homogenate.......... 840 1622 62,160 0.026 
II. Butanol fraction..... 350 550 5,180 0.13 
III. 30-50% acetone...... | 65 270 1,495 0.18 
IV. Column eluate 
Pooled tubes 44-49....... 70 92 36 2.5 
Pooled tubes 50-52....... 42 140 22 6.4 
Pooled tubes 53-54....... 28 44 15 2.9 





* 280 g of liver. 
+ umoles of DPNH oxidized per minute. 
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also appeared to be free of xanthine oxidase (13) and alkaline 
phosphatase. The column was regenerated with 4 liters of 0.1 
M Tris containing 0.9% NaCl. 

Stability of Enzyme—The enzyme, as collected from the col- 
umn, was quite stable at 0-4°, and was generally stored at this 
temperature. Exposure of the enzyme to a temperature of 57° 
or higher for 5 minutes resulted in a decrease in activity of more 
than 90% (Fig. 1). The enzyme was stable to dialysis against 
0.01 m potassium phosphate buffer, pH 7.5, and 0.01 m Tris 
buffer, pH 8.2 and 8.9, for 16 hours or more at 3°. 

Intracellular Distribution—The intracellular distribution of the 
enzyme was determined in both rat and dog liver. BRIJ-35, in 
the concentrations used in the solubilized vitamin K, prepara- 
tions, was found to have deleterious effects on mitochondria, so 
menadione was used as an electron acceptor in the distribution 
studies. These reactions were carried out in 0.1 m Tris, pH 7.4 
instead of at pH 8.2. In a typical experiment, the activities, 
expressed as umoles of DPNH oxidized per minute per g of rat 
liver, were: homogenate, 9; twice-washed mitochondrial fraction, 
1; microsomal fraction, 1.2; soluble fraction, 6. Since activity 
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Fig. 2. Effect of reduced pyridine nucleotide concentration on 
activity of vitamin K, reductase. The assay described was used 
with DPNH or TPNH at the final concentrations indicated. 
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Fig. 3. Effect of flavin on activity of vitamin K, reductase. 
The assay described was used with flavin at the final concentra- 
tions indicated. 
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was found in each fraction, each fraction was also tested for sen- 
sitivity to Dicumarol at 10-5 m, and the soluble fraction was the 
only one inhibited to any extent. Similar results were obtained 
with dog liver. An analysis of these fractions for K3H» (reduced 
menadione) oxidase, with the use of the procedure described by 
Colpa-Boonstra and Slater (14), showed more than 85% of the 
activity of the homogenate to be associated with the mitochon- 
drial fraction. 

Effect of pH—The effect of pH on vitamin K, reductase activ- 
ity was determined by substituting other buffers (0.1 m) for im- 
idazole in the reaction mixture. In the pH range of 7 to 8, 
activity increased with pH using either imidazole, Tris, or gly- 
cylglycine, but at any given pH in this range the rate was greatest 
in imidazole. In the pH 8 to 9 range, the activity in Tris, gly- 
cylglycine, or glutamate continued to increase with pH. Be- 
tween pH 9 and 10 the activity in glutamate buffer increased with 
pH up to 9.7 above which it decreased. The activity observed 
in glutamate at pH 9.7 was twice that in imidazole at pH 7.4; 
nevertheless, the latter was used in the standard assay. 

Reduced Pyridine Nucleotides as Electron Donors—DPNH, de- 
amino DPNH, and TPNH served as electron donors in the vita- 
min K, reductase system as well as the menadione reductase 
system. The maximum rates were similar with DPNH and 
TPNH; however, the rate diminished with higher concentrations 
of TPNH (Fig. 2). This diminution in rate occurred with either 
chemically or enzymatically reduced TPNH. At low concen- 
trations of DPNH and TPNH, the reactions were carried near 
completion in one minute so accurate initial rates could not be 
measured in the present assay system. Samples tested at var- 
ious stages of purification showed the same ratio of activity with 
DPNH and TPNH, with either solubilized vitamin K, or mena- 
dione as an electron acceptor. 

Effect of Flavins—Fig. 3 shows the activity of the purified en- 
zyme as a function of FAD and FMN concentration. An esti- 
mate of the dissociation constants from the curves indicates that 
one-half maximal stimulation was obtained at about 7 x 10-°m 
and 5 X 10-°m for FAD and FMN, respectively. The maximal 
rates observed with saturating amounts of flavin nucleotides were 
about the same and were observed only with the more highly 
purified enzyme preparations. Menadione reductase activity 
was affected similarly by FAD and FMN. In dialysis experi- 
ments FAD was found to be more tightly bound by the enzyme 
than FMN. Preincubation of the purified enzyme with either 
FMN or FAD, followed by dialysis at pH 8.2 for as long as 2 
weeks, resulted in the FMN-treated sample, but not the FAD- 
treated sample, requiring the addition of flavin nucleotide to the 
vitamin K, reductase assay for full activity. 

Electron Acceptors—The effect of vitamin K, concentration is 
shown in Fig. 4. The dissociation constant of the vitamin K, 
enzyme complex as estimated from the curve is 5 X 10-5 M. 
This does not necessarily correspond to that which might occur 
in vivo because the detergent micelle used to suspend the vitamin 
may have altered this significantly. Other materials tested 
which appeared to serve as electron acceptors in place of vitamin 
K, were menadione, 1 ,4-naphthoquinone, benzoquinone, and co- 
enzyme Q:o (solubilized with BRIJ-35). Among the inactive 
electron acceptors were vitamin K, diphosphate, menadione di- 
phosphate, vitamin K, oxide, d-a-tocopherol, and d-a-tocoqui- 
none (the last three substances were solubilized with BRIJ-35). 

Identification of Products and Stoichiometry of Reaction—In ex- 
periments in which vitamin K, was limiting and DPNH was in 
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Fic. 4. Effect of vitamin K, concentration on activity of vita- 
min K,; reductase. The assay described was used with purified en- 
zyme (25 wg) and vitamin K;, at the final concentrations indicated. 


excess, the DPNH was completely oxidized presumably because 
of the aerobic reoxidation of reduced vitamin K, which resulted 
in the regeneration of electron acceptor. Since reduced vitamin 
K, is auto-oxidizable, the stoichiometry as well as the spectrum 
of the reduced vitamin were determined under anaerobic condi- 
tions.? The time course of such a reaction is presented in Fig. 5 
and the spectral changes are presented in Fig. 6. The reaction 
was initiated by tipping in the enzyme from the side arm of the 
evacuated cuvette, and vitamin K, reduction was followed by 
measuring the decrease in absorption in the experimental cuvette 
at 275 my against an appropriate check cell whereas the oxidation 
of DPNH was measured at 340 my against a different check cell. 
Although the reaction was essentially complete at 20 minutes it 
was kept under vacuum for an additional 30 minutes to make 
certain the reaction was at equilibrium. On the basis of change 
in absorbancy at 340 my, 0.16 umole of DPNH had been oxidized 
at this time. Since vitamin K, exhibits a slight increase in ab- 
sorbancy at 340 my upon reduction, a correction was obtained for 
this by measuring the change in absorbancy of an identical sam- 
ple treated with a few crystals of KBH,. The increase in ab- 
sorbancy amounted to 0.090 which corresponded to an apparent 
deficit of 0.043 umole of DPNH oxidized. The correction of 0.04 
umole applied to 0.16 umole indicated 0.20 umole of DPNH had 
been oxidized in the presence of 0.22 umole of vitamin K;. In 
this experiment the spectrum of the reduced product was ob- 
tained after 50 minutes (Fig. 6) after which air was admitted and 
the spectrum of the oxidized product was restored (Fig. 6). As 
shown in Fig. 5 the reoxidation of reduced vitamin K, was rapid. 
Interference from the reduced form appeared to be negligible in 
the standard assay. Similar results were obtained when mena- 
dione was used as an electron acceptor in place of vitamin K). 

Reduction of solubilized vitamin K, by KBH, produced sim- 
ilar spectral changes with an increase in absorption in the 245 
Mu region and a decrease in absorption in the 275 my region. 
When examined in a Beckman DK 2 recording spectrophotom- 
eter, vitamin K, in ethanol exhibited similar changes in spec- 
trum within two minutes upon reduction with KBH,, however, 
further changes occurred and after 30 to 60 minutes both peaks 
absorbed less than that of oxidized vitamin K). 

With the use of a procedure similar to that described above 
but with DPNH in stoichiometric excess, the amount of DPNH 


3 Using anaerobic silica cells of the Thunberg type, Pyrocell 
Manufacturing Company, New York. 
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Fig. 5. Oxidation of DPNH and reduction of vitamin K, by 
vitamin K, reductase. The experimental anaerobic silica cell 
contained 150 wmoles imidazole, pH 7.4, 0.22 uwmole vitamin K,, 
0.21 umole DPNH, 0.005 pmole FAD, and water to 2.6 ml in the re- 
action chamber, and 1.5 units (0.4 ml) vitamin K, reductase in the 
side arm. To follow the reaction at 275 my and to measure the 
spectrum of vitamin K,, a control cell was set up with the same 
components except vitamin K, was replaced by BRIJ-35 without 
the vitamin. To follow the reaction at 340 my, a standard cell 
was used with the same components as in the experimental cell 
except DPNH was omitted. After tipping in the enzyme, the 
reaction was followed at 275 mu (A——A) and 340 mp (O——O) 
against the appropriate check cell. During this period no 
measurable oxidation of DPNH occurred in the control cell 
(@——-@). Air was introduced to the evacuated cells at the 'ime 
indicated by the arrows. The absorbancy values provided are 
observed values. 
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Fic. 6. Spectra of vitamin K,, enzymatically reduced vitamin 
K,, and reoxidized vitamin K,. A spectrum of the contents of the 
experimental cell described in Fig. 5 was obtained against the 275 
my check cell described in the legend of Fig. 5, before starting the 
reaction (O——O), after the reaction had proceeded 50 minutes 
with the reduction of vitamin K, (@——®@), and 12 minutes after 
air had been introduced into the system and reoxidation had oc- 
curred (A——A). 


oxidized corresponded to the amount of vitamin K, present. In 
one experiment, for example, with 0.20, 0.30, and 0.40 umole of 
vitamin K,, and 0.6 ym DPNH, 0.21, 0.31, and 0.41 umole, re- 
spectively, of DPNH were oxidized when corrected for the change 
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in absorbancy at 340 my resulting from the reduction of vitamin 
K;. Oxidized DPN was identified as described previously (4). 

Effects of Metals and Inhibitors—A number of materials were 
tested for possible effects on the purified enzyme system. Ions 
such as Mg*+, Fet++, Fe+*++, Mn*+, Zn**, at concentrations of 10-* 
to 10-4 m showed little or no effect on activity. Orthophenan- 
throline, a ,a’-dipyridyl, and 8-hydroxyquinoline at 10-* Mm caused 
an inhibition of activity of approximately 50% which was re- 
versible by dialysis. 

Iodoacetic acid, iodoacetamide, iodosobenzoic acid, and p- 
chloromercuribenzoate at concentrations of 10-* m had no effect 
on vitamin K;, reductase activity; thyroxine and triiodothyronine 
at 10-5 m and antimycin A at 1 wg per ml had no measurable 
effect. 

Since the action of vitamin K, in maintaining the blood-clot- 
ting system at normal levels in vivo is counteracted by certain 
anticoagulants, it was deemed pertinent to test the effect of some 
of these agents on the activity of vitamin K, reductase. Since 
these materials are only very slightly soluble at neutral pH val- 
ues, they could not be tested over the same range of concen- 
tration. The inhibitory effect of the materials tested on vitamin 
K, reductase is presented in Table II. An attempt to correlate 
inhibitory potency with biological potency was not made, be- 
cause these substances are probably bound to tissue proteins to 
different extents, and metabolized and excreted at different rates, 
all of which would influence biological potency. Nevertheless it 
may be noted that derivatives of different series of compounds 
such as coumarin derivatives, phenindione derivatives and sali- 
cylate which possess anticoagulant activity also inhibit vitamin 
K;, reductase. Furthermore, Dicoumarol, an effective anticoagu- 
lant, was found to be an effective inhibitor of vitamin K; reduc- 
tase while salicylic acid, a weak anticoagulant, was a less effective 
inhibitor of vitamin K, reductase. 

A number of nitrophenol derivatives were tested on the ac- 
tivity of vitamin K, reductase. At a final concentration of 10~* 
m the following caused little or no inhibition of activity: 2-amino- 
4-nitrophenol, p-nitrophenol, and o-nitrophenol. At the same 
concentration, the following agents produced the indicated per- 
centage inhibition: 2,4-dinitrophenol, 39%; 2,4-dinitroaniline, 
33%; 2,4-dinitronaphthol, 90%. 


TaBLe II 
Inhibition of vitamin K, reductase 


The standard assay was modified by the addition of the com- 
pound to provide the indicated final concentration. 




















Inhibition 
Substance Final concentration 
10-* uw | 10-5 uw 10-* uw 1073 uw 
% % % % 
Dicumarol. . 38 84 97 
Tromexan......... 0 8 79 
Warfarin.... nin? 0 0 | 4 70 
Sintrom Reyes 0 12 | 22 
Cumachlor . a 6 36 
Phenindione........ 16 30 92 
Salicylate.......... 0 0 18 62 
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DISCUSSION 


Menadione reductase activity was previously reported to be 
present in a number of animal tissues, plants, and bacteria (4). 
At that time, a suitable procedure for the solubilization of vita- 
min K, was not available, so it was not known whether the vita- 
min was included within the specificity of the enzyme from these 
different sources; however, on the basis of the present studies, 
it is included within the specificity of the enzyme from dog and 
rat liver. It may be noted that Martius and Marki (15) have 
reported the presence of a phyllochinon-reductase obtained from 
beef liver, which has some similarities. Since benzoquinones and 
naphthoquinones readily undergo oxidation and reduction, it 
seemed possible that this enzyme might be involved in electron 
transport. With respect to menadione, it was reported to stimu- 
late the respiration of various tissues, cf. Green et al. (16) for 
references, and also yeast (17). This might be due to the re- 
duction of menadione by a menadione reductase with the elec- 
trons subsequently being transferred to a system such as K;H, 
oxidase (14) or directly to oxygen. In the case of dog and rat 
liver, assuming that the activity observed in homogenates is close 
to that observed in vivo, there is sufficient enzyme present for it 
to contribute appreciably to respiration. It should be pointed 
out that the vitamin K, used in these studies was in a micelle 
that might bear only slight resemblances to the natural micelle 
and the activity in vivo may be quite different from that observed 
in vitro. Since the enzyme from liver was inhibited by various 
anticoagulants, studies were carried out to determine the effect 
of these inhibitors on the respiration of rat liver slices, and their 
relative potency paralleled their inhibitory action on vitamin K; 
reductase.‘ Since other processes such as oxidative phosphoryl- 
ation are also affected by these agents, the depression may be in 
part a secondary effect and cannot be attributed solely to the 
action of these agents on a system such as vitamin K, reductase. 
In addition, the inhibition of the enzyme by anticoagulants also 
aided in distinguishing this enzyme from others, e.g. the activ- 
ity associated with the mitochondrial fraction and xanthine oxi- 
dase which was reported to reduce menadione (18). 

Although the presence of vitamin K;, per se has not been clearly 
established in mammalian tissue (19), factors possessing anti- 
hemorrhagic activity were found (1). Furthermore, in a study 
of beef liver, Green and Dam (20), using a bioassay, found vita- 
min K activity associated mainly with the mitochondrial fraction. 
With the use of a different approach, Martius (21) administered 
C-labeled menadione to chickens and found a labeled factor 
associated with the mitochondria which appeared to be different 
from menadione, and suggested that menadione may be a pre- 
cursor of vitamin K;. Such a factor might be closely related to 
vitamin K, in structure, e.g. 2-methyl-3(geranyl-geranyl)-1 ,4- 
naphthoquinone later reported by Martius and Esser (22). In 
addition to naphthoquinones, benzoquinone and coenzyme Qio 
were found to serve as electron acceptors indicating the possibil- 
ity that a substance of this sort might be the natural electron 
acceptor. Investigations are in progress to determine the nature 
of the electron acceptor in dog liver. When this is known, a 
more appropriate name can be assigned to the enzyme than that 
presently used and a better understanding of its biological role 
can be considered. 


* Unpublished experiments. 
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SUMMARY 


The purification and properties of an enzyme from dog liver 
which catalyzed the reduction of vitamin K, (2-methy]-3-phytyl- 
1,4-naphthoquinone) by reduced di- or triphosphopyridine nu- 
cleotides is described. The vitamin K, used as an electron 
acceptor was solubilized with BRIJ-35 (polyoxyethylene lauryl 
alcohol). Menadione, coenzyme Qo, and benzoquinone also 
served as electron acceptors. Flavin adenine dinucleotide and 
flavin mononucleotide increased the rate of reaction whereas Di- 
cumarol and other anticoagulants decreased the rate. On the 
basis of spectrophotometric evidence, the reduction of vitamin 
K, appeared to take place in the naphthoquinone nucleus. 
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The mechanism by which the terminal respiratory enzyme, 
cytochrome oxidase, reduces molecular oxygen is still a matter 
of speculation. Fundamental to an understanding of this chemi- 
cal mechanism is a clarification of the structure of the pros- 
thetic group of this enzyme. Extensive work by many inves- 
tigators (1-5) has clearly established that this prosthetic group 
is an iron porphyrin compound. This iron-containing tetrapyr- 
role has been labeled “hemin a” or “cytohemin.” Attempts 
to establish the structure of hemin a have been hampered by 
relatively poor isolation procedures which have resulted in ma- 
terial of doubtful purity. The studies of Falk and Rimington 
(6) have pointed out the great lability of the compounds in- 
volved. 

Improved techniques for the isolation and purification of he- 
min a (5, 7-9) and the development of paper chromatographic 
techniques (8) have made possible more definitive studies of 
the properties of hemin a. This paper will report studies on 
the infrared spectra and reactions of the functional groups of 
hemin a, providing new information on the structure of this 
compound. 


METHODS 


The preparation and purification of the hemin a components 
were carried out as previously described (5, 7, 9). Further 
purification was done, when required, by means of rechroma- 
tography on silicic acid columns (9). 

The hemins were characterized and their purities checked by 
paper chromatography (8, 9). The chromatographic systems 
employed were: toluene-acetic acid; picric acid-benzene-isopro- 
py! alcohol; lutidine-water; and pyridine-ammonium hydrox- 
ide-isopropy] alcohol. 

The hemins were converted to their respective porphyrins 
by the method previously described (7). The HCl number was 
determined by extracting an ether solution of porphyrin with 
various concentrations of HCl. The HCl number is that con- 
centration of hydrochloric acid which extracts two-thirds of the 
porphyrin from an equal volume of an ether solution of the 
porphyrin. The concentration of HCl is expressed as grams 
per 100 ml of solution. 

The bromine addition product of hemin a was obtained when 
hemin a was treated with bromine water adjusted to pH 5.7 
with 0.1 M sodium acetate. The resulting product was extracted 
with ether and purified. 

The dimedon derivative of hemin a was prepared by treating 


* This research was supported by the National Heart Institute, 
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t Supported by a Senior Research Fellowship SF 47 of the 
United States Public Health Service. 


hemin a with an ethanol solution saturated with 5,5-dimethyl- 
1 ,3-cyclohexanedione. The solution was allowed to stand for 
5 to 10 minutes in a boiling water bath; then allowed to cool 
to room temperature. The hemin was extracted into ether and 
purified. Hemin a was acetylated by the method of Barrett 
(10) with pyridine and acetic anhydride. The oxime of hemin 
a or porphyrin a was prepared by adding 2.0 mg of solid hy- 
droxylamine hydrochloride and 4.0 mg of sodium acetate to a 
solution of approximately 25 wg of the compound in 3.0 ml 
of pyridine. The mixture was stirred and allowed to stand at 
room temperature for 5 minutes. Hemin a or porphyrin a was 
reduced by a few milligrams of solid sodium borohydride added 
to a similar pyridine solution of the tetrapyrrole. 

Samples of chromatographically pure hemins were analyzed 
for iron according to a modification of the method described 
by Drabkin (11). The dried hemin sample was digested with 
1 ml of H.SO, and 3 drops of 30% HO: for about 5 minutes. 
Hydrogen peroxide was added from time to time to complete 
decolorization. Boiling was continued for at least 10 minutes 
after the last peroxide addition. The solution was cooled and 
diluted with 5 ml of water. In order to adjust the pH to a 
value of 4.3, 6 ml of saturated sodium acetate were added. 
The mixture was transferred quantitatively to a 25-ml volu- 
metric flask and 0.4 ml of 1% ascorbic acid and 2 ml of 0.1% 
o-phenanthroline were added in rapid succession. The volume 
was brought to the mark and after thorough mixing the solu- 
tion was allowed to stand, while stoppered, for a minimum of 


13 hrs. The optical density was read at 540 mp against a 
reagent blank. These values were compared with iron stand- 
ards. 


The infrared spectra were recorded on a Perkin-Elmer model 
21 infrared spectrophotometer. Samples containing 100 ug of 
hemin a were dissolved in benzene-acetone and mixed with 25 
mg of lyophilized potassium bromide. The slurry was then 
lyophilized and about 8 mg of the mixture pressed into a clear 
pellet (0.065 inch in diameter) which was used to obtain the 
spectrum. 


RESULTS 

The hemin prepared by column chromatography was checked 
for purity by the use of paper chromatography. The presence 
of small amounts of contaminating protohemin in the hemin 
a preparation could readily be detected on the paper chromato- 
grams even though it was not apparent on spectral analysis. 
With the aid of this technique, it was noted that a pure sample 
of hemin a, on standing in chloroform, was converted to a com- 
pound distinguishable from hemin a in all solvents (see Table 
I). The conversion product, hemin a’, had a higher Rr value 
than hemin a in all solvents as shown in Table I. 
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TABLE [| 
Rr values of hemins a and a’ 


In all instances ascending chromatography was employed as 
previously described (8, 9). 





| | 
| Hemin a | 








Solvent Hemin a’ 
: Rr | Rr 
Toluene-acetic acid....... 0.4 | 0.73 
Benzene-isopropy! alco- | 
hol-picric acid.......... 0.5 0.8 
Lutidine-water.......... 0.81 | 0.95 
Pyridine-N H,OH-isopro- | 
DY) BION 5s o.oo 0.73 0.92 
125 + 


Ex1os 
O75 + 


cM*/MOLE 950 | 


0.25 F 








1 l 1 1 1 1 L 
400 440 480 520 560 600 640 
WAVE-LENGTH (mu) 








Fic. 1. Pyridine hemochromogen of hemin a. The solvent was 
1 volume of pyridine and 2 volumes of 0.05 n NaOH. The values 
shown were based on the iron content of the hemin solution. 
- +, oxidized; ——, reduced. 


Chloroform solutions of pure hemin a, checked by paper 
chromatography, were dried in a stream of nitrogen and used 
for further studies. The molar extinction coefficients of the 
reduced and oxidized pyridine hemochromogens of hemin a, 
based on the iron content of the hemin samples used, are shown 
in Fig. 1. The reduced hemochromogen of hemin a has a single 
absorption maximum in the visible region at 587 mp and the 
molar extinction coefficient at this wave length was determined 
to be 0.26 < 108 cm? per mole. In the Soret region of the 
spectrum, the maximum is at 430 my and the extinction co- 
efficient is 1.21 X 108 cm? per mole. To obtain the molecular 
weight of hemin a, samples of the pure hemin were weighed 
and the extinction of the hemochromogen determined. The 
molecular weight was found to be 880. 

In Fig. 2 the infrared spectrum of hemin a in the region 
5.0 to 7.0 uw is shown. The absorption in this region of the 
spectrum is attributed to the presence of carbonyl groups. The 
absorption at 5.86 u is assigned to the carbonyl of the carboxy! 
group. Protohemin, which has two carboxyl groups, has an 
absorption maximum at the same position, and a sample pre- 
pared in the same manner as the hemin a gave an equal ab- 
sorbancy on a molar basis. 

The absorbancy at 6.00 u is assigned to either aldehyde or 
ketone carbonyl groups. The intensity of the absorbancy at 
5.86 » and 6.00 uw for hemin a was very nearly the same. 

The spectrum of the porphyrin prepared from pure hemin 
a is illustrated in Fig. 3. The relative intensities of the four 
absorption maxima of this porphyrin are III > II > IV > I, 
which classified porphyrin a as having an oxyrhodo type spec- 
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Fig. 2. Carbonyl region of the infrared spectrum of hemin a. 
The sample was prepared for analysis as described in the text. 
B, blank KBr pellet; A, sample in KBr pellet. 
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Fic. 3. The visible spectra of porphyrin a and derivatives. 
Pyridine was employed as solvent. ---, Porphyrin a; ---, 
BH,-reduced porphyrin a; ——,, oxime of porphyrina. All spectra 
were corrected to give equal absorbancy at peak IV. 


trum (15). The spectrum of the oxime is also shown in Fig. 
3. The conversion of the formyl group of porphyrin a to an 
oxime causes a marked alteration of the spectrum, resulting 
in a rhodo type spectrum (III > IV > II > I). The posi- 
tions of the absorption maxima are also altered. 

When porphyrin a, dissolved in anhydrous pyridine, was 
treated with a few mg of solid sodium borohydride, the aldehyde 
and ketone groups of the porphyrin were reduced to the al- 
cohols. This reduction also results in spectral changes. The 
spectrum of the reduced porphyrin is of the etio type (IV > 
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III > II> I) and the maxima have all shifted to shorter wave 
lengths as shown in Fig. 3. 

Hydriodic acid will add to isolated double bonds or to vinyl 
side chains yielding a saturated compound. Porphyrin a treated 
with HI results in a porphyrin with a rhodo type spectrum, 
but when this product is converted to an oxime, a porphyrin 
with an etio type spectrum results. The position of the a ab- 
sorption peak of hemin a and derivatives of hemin a are given 
in Table II. 

The HCl number of porphyrin a was determined to be about 
15, whereas porphyrin a’ had an HCl number of about 5. It 
should be mentioned that cryptoporphyrin a (7) has a low HCl 
number of about 1.8. 


TABLE II 
Position of a-band of pyridine hemochromogen 





Compound | 





Wave length 
| mu 
EN On ne oat Te, k,n a a 587 
(0 EEE ee ee ae, ae 571 
ee ; 552 
TE AE EE Oe ET 582 
ea Ee os nhs oh draiae 5 558 
IN age vane oss AK 582 
Chlorocruorohemin.................... 583* 
EE en ecco ira a Lixin & 561* 





* Lemberg and Falk (15). 


DISCUSSION 


Extensive studies in a number of laboratories have provided 
several pertinent facts concerning the structure of hemin a. 
The molecular weight of hemin a, which was determined to be 
880, is a value which is in reasonable agreement with other 
studies (2, 12). 

Hemin a is a dicarboxylic acid as indicated by paper chro- 
motography (8) and the data presented in this paper. These 
two carboxyl groups are part of the propionic acid side chains 
(13, 14). The notable work of the Ottawa group (14) on the 
structure of the deuteroporphyrin derived from hemin a by 
resorcinol fusion, assigns the position and describes the nature 
of five of the eight groups substituted on porphyrin a. These 
are three methyl groups and two propionic acid side chains. 

It remains then, to decide what three groups are substituted 
on the porphyrin nucleus and to determine their arrangement. 
From the spectrum of hemin a, it is apparent that more than 
one electron withdrawing group is substituted in the three posi- 
tions whose substituents are unknown. The a-peak of the 
pyridine hemochromogen is an excellent index of the number 
and type of electron withdrawing groups in resonance with the 
porphyrin nucleus. 

The presence of an aldehyde group in resonance with the 
porphyrin nucleus of hemin a is demonstrated by the formation 
of the dimedon derivative of hemin a. This reaction of hemin 
a with methone is considered to be specific for aldehydes and 
thus demonstrates the presence of a formyl group. Other studies 
employing less specific reactions have also indicated the pres- 
ence of this group (3, 15). 

Treatment with hydrogen iodide causes a marked shift in 
the spectrum of porphyrin a. Bromine will add to hemin a 
and the compound which results has a hemochromogen spec- 
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trum whose a-peak is shifted to a lower wave length. This 
shift of 5 my is what would be expected on loss of a double 
bond. 

A comparison of the a-peak of the pyridine hemochromogen 
of hemin a and chlorocruorohemin show a difference of 4 mu 
whereas their respective oximes have an even greater difference 
of about 10 my. These differences suggest that a formyl group 
and vinyl group, the two electron withdrawing groups present 
in the structure of chlorocruorohemin, are not the only elec- 
tron withdrawing groups in the hemin a molecule. 

Hemin a can be acetylated and a product is obtained with 
altered chromatographic mobility. This acetylation also re- 
sults in a shift of the hemochromogen a-peak to shorter wave 
lengths. This shift of the a-peak indicates that an electron 
withdrawing group has been removed from resonance with the 
porphyrin nucleus. 

Borohydride reduction, which specifically reduces ketones and 
aldehydes, on reaction with hemin a, gives a compound whose 
a-peak is at 552 mu. The position of this peak is consistent 
with a compound which has but a single double bond remain- 
ing in resonance on the side chains. The third electron with- 
drawing group then appears to be removed by reduction with 
sodium borohydride. The acetylation of hemin a appears to 
have a greater effect on the spectrum than would be predicted 
for the acetylation of a simple alcoholic group. A comparison 
of the infrared spectrum of hemin a and other compounds sug- 
gests that the absorbancy at 6.00 u may be due to both a ketone 
and an aldehyde group. 

The third electron withdrawing group present in hemin a 

OH 
may be nr Patong Such a group would give results com- 
H 


patible with all the data. This group could account for the 
8 and a@ porphyrins observed by Lemberg and Stewart (16) 
as well as our hemin a’ fraction, since it could readily enolize 
and be converted to an isomeric form. Since the alcohol group 
makes an asymmetric carbon atom, one would expect hemin 
a to be optically active. We could not detect any optical ac- 
tivity in hemin a. This could also be due to the fact that 
enolization gives rise to a racemic mixture. It must be em- 
phasized, however, that optical rotation measurements of in- 
tensely colored compounds, such as hemin a, are difficult. 

The spectrum of the porphyrin a and its derivatives can 
give us information concerning the arrangement of these groups 
on the porphyrin nucleus (15). Treatment of porphyrin a 
with hydriodic acid converts the spectrum of the porphyrin 
from an oxyrhodo to rhodo type spectrum. This indicates that 
the double bond has a rhodofying effect and must be on the 
pyrrole opposite to that containing the formyl group. Thus, 
the formyl and vinyl groups must occupy positions 4 and 8 

aan 


while the —C—C—R group occupies position 2 on the porphy- 
H 


rin nucleus. 

The evidence suggests that the formyl group occupies posi- 
tion 8 (12). A possible structure for porphyrin a then is pre- 
sented. 
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C0 CH, CH, CHs 
._ . 
COOH COOH 


The R and R’ groups in the proposed structure together 
contain 13 carbon atoms. The available evidence does not 
enable us to determine the distribution of the carbon atoms 
in the two alkane groups. 


SUMMARY 


It has been shown that pure hemin a, on standing in chloro- 
form, is converted to a compound with spectral properties iden- 
tical to hemin a, but with altered chromatographic properties. 

The extinction coefficient of the reduced pyridine hemochro- 
mogen of hemin a was determined to be 0.26 x 10 cm? per 
mole at 587 my and 1.21 X 108 cm? per mole at 480 mu. The 
molecular weight of the hemin a chloride was estimated to be 
880. 

A number of derivatives of hemin a were made, including 
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the bromine addition product, borohydride reduction product, 
dimedon, oxime, and acetylated derivatives. 

The results were discussed and a possible structure for hemin 
a was proposed. 
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It is now well accepted that the concentrations of calcium and 
phosphate ions normally found in the extracellular fluid of ani- 
mals and man are in excess of those which would be expected 
from the solubility of bone mineral. Although Neuman (1) 
first pointed out this fact in 1953, the mechanisms responsible 
for this phenomenon and the influence of hormonal factors upon 
them have not been elucidated. Three possible mechanisms 
could operate at the bone mineral surface to explain these find- 
ings: an increased concentration of solubilizing ions, the presence 
of a chelating agent for calcium, or the production of acid to lower 
the pH. As Neuman et al. (2) have suggested, the production of 
citrate by bone cells would fulfill all three of these functions and 
indirect experimental evidence in favor of such a mechanism has 
been advanced (3-5). Others have objected to this hypothesis 
on theoretical grounds, feeling that the amount of citrate pro- 
duced by bone cells is insufficient to maintain the plasma calcium 
and phosphate concentrations and that in a tissue as relatively 
avascular as bone the predominant metabolism of the cells would 
be more likely to be anaerobic and the end product, therefore, 
to be lactate (6, 7). 

However, these questions have remained unanswered, since 
few experiments have been published concerning the metabolism 
of bone cells, and no systematic survey of the metabolic patterns 
of this tissue has been reported. Therefore, a series of experi- 
ments have been undertaken to examine the metabolic behavior 
of bone cells in vitro. Studies of the effects of the presence of 
substrate and other variations in environment upon the metabolic 
rate and the end products of metabolism will be reported in this 
communication along with a discussion of the preparation of the 
tissue and the methods used. In subsequent reports the effects 
of hormones on the metabolic behavior of bone will be discussed. 

These experiments, with the use of slices from the metaphyses 
of the long bones of adult mice, have shown that bone cells 
utilize oxygen slowly, but consume glucose at a brisk rate. The 
chief end product of their metabolism is lactic acid, even under 
aerobic conditions. Although it would appear that some citrate 
is produced by these cells, the total amount is less than 5 the 
amount of lactate formed. 
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EXPERIMENTAL 


Methods 


Preparation of Tissue Samples—Adult male white Swiss mice, 
6 to 8 weeks old (weight 30 to 50 g), were killed by decapitation, 
exsanguinated, and both knee joints were dissected out. The 
metaphyses about the articulations were freed from tendinous 
attachments, and the epiphyseal cartilage carefully removed. 
Each metaphysis was then cut longitudinally into two pieces 
and the marrow carefully scraped out with the point of a scalpel. 
Samples consisting of spongiosa] bone surrounded by some corti- 
cal bone from the femur and the tibia were then washed in iced 
Krebs-Ringer medium, quickly blotted dry with filter paper and 
weighed on a Roller-Smith balance. They were then placed in 
incubating flasks containing iced medium and stored on ice until 
the start of the incubation. For each incubation flask, two 
animals were pooled, each sample then consisting of 8 metaphyses 
split in two. 

Since the mass of these bone samples was largely mineral, a 
measure of their cellular content was needed to compare their 
metabolic behavior with other tissues such as liver. The cellular 
nitrogen content of the samples (cell N) was therefore estimated, 
with the use of a modification of the noncollagenous nitrogen 
method of Lilienthal (8). The procedure used was as follows: 
2 ml of 0.2 n NaOH were added to the incubation flask contain- 
ing 2 ml of medium and the sample, at the end of the experiment. 
The flasks were then shaken for 16 hours at room temperature 
on a mechanical shaker. Aliquots of the supernatant fluid were 
digested by the micro-Kjeldahl technique; cooled; Nessler’s 
reagent was added; and the color compared to nitrogen standards 
with the use of a Coleman junior spectrophotometer at a wave 
length of 440 yp. 

Since the method for cellular nitrogen outlined above used all 
the medium from each flask, leaving none for subsequent analysis 
for metabolic end products, it was desirable to determine whether 
the wet weight of the tissue sample correlated with the amount 
of cell nitrogen present. It was found that the ratio of cell 
nitrogen to wet weight was relatively constant. The regression 
line for this relationship is presented in Fig. 1. In subsequent 
incubations, therefore, the analysis for cell nitrogen was omitted 
and the cell nitrogen present in each flask was calculated from 
the wet weight of the sample, thereby permitting the medium 
to be used for other analyses. 

Representative samples were examined histologically to as- 
certain the characteristics of the tissue being studied. The 
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Fig. 1. The relation of cell nitrogen content to wet weight of 


sample. The regression line was calculated by the method of 
least squares. 





samples were found to consist largely of fine trabeculae of bone 
covered with a layer of osteoblasts and surrounded by a shell of 
cortical bone. Although little cartilage was present in the 
samples, some marrow remained entrapped in the interstices of 
the spongiosa. The cell nitrogen content of the marrow of these 
metaphyses was measured to determine how much of. the meta- 
bolic activity of the bone specimens was due to marrow cells. 
A sample of marrow roughly 3 times the volume of marrow esti- 
mated to remain in the spongiosa after preparation of the samples 
was found to contain 0.33 mg of cell N per sample, whereas bone 
samples incubated the same day contained 0.94 mg of cell N per 
sample. It appeared, therefore, that for a bone sample con- 
taining 1.0 mg of cell N, approximately one-tenth came from 
entrapped marrow. A further check was made in order to deter- 
mine how much marrow would be required to give the same 
amount of cell N as was found in our samples. The entire mar- 
row that could be obtained from the bones of 12 mice was needed 
to obtain a cell N of 0.900 mg. Finally, the metabolic rate of 
this marrow was measured as Qo, in inorganic orthophosphate 
buffer. It was found to be 22 ul of oxygen per hour per mg of 
cell N, or about the same per mg of cell N as that of the bone 
samples. From these data it appeared that approximately one- 
tenth of the total metabolic activity per mg of cell N of the bone 
samples studied could be the result of the metabolism of marrow 
cells entrapped in the spongiosa. However, in view of the rela- 
tively small mass of marrow cells apparently present in the bone 
samples and since the metabolic behavior of marrow cells under 
the conditions of these experiments is not yet known, no correc- 
tion for their metabolism was attempted. 

Incubation—All samples were incubated in Scholander volu- 
metric respirometers (9) at a temperature of 38° for 2 hours, 
unless otherwise indicated. Approximately 100 mg wet weight 
of bone were used in each flask. Calcium-free Krebs-Ringer 
media buffered to pH 7.4, 2 ml per flask, with either phosphate 
(for Qo, determinations) or HCO;--CO, (for the measurement 
of total acid production) was used. After adding the samples 
of bone, a stream of air, air with 5% CO: added, or N2 with 5% 
CO, added, was passed through each flask for 10 minutes, as the 
circumstances of the experiments demanded. All media were 

' Preliminary experiments suggest that under aerobic conditions 


in bicarbonate buffer with glucose, marrow cells do not produce 
significant amounts of acid. 
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also equilibrated with the appropriate gas before being placed 
in the flasks. The respirometers were allowed to equilibrate at 
38° for 15 minutes after gassing before starting the period of 
incubation. Glucose at a final concentration of 2 mg per ml was 
added in experiments where the presence of exogenous substrate 
was studied. 

At the end of each incubation aliquots of media from each 
flask were taken immediately for various analyses. Glucose was 
measured by the method of Somogyi and Nelson (10, 11), lactate 
by a modification of Barker and Summerson’s technique (12), 
and citrate by the micro method of Natelson (13) after precipita- 
tion of the protein in the medium with 10% trichloroacetic acid. 
All the data in the tables and figures which follow have been 
expressed as wmoles per hour per mg of cell N to facilitate com- 
parison between groups. 


RESULTS 


Viability of Tissue—When samples of metaphyseal bone were 
prepared as outlined, they proved to remain viable and meta- 
bolically active for a considerable period of time. In Fig. 2 
the cumulative utilization of oxygen per mg of cell N has been 
plotted. It can be seen that during a 5-hour incubation period, 
the rate of oxygen consumption remained quite constant. Al- 
though the data presented were obtained from incubations with 
glucose as substrate, similar results were obtained when endog- 
enous metabolism was studied. In view of this constancy of 
metabolic rate, the data subsequently obtained were calculated 
from 2-hour incubations and expressed as umoles per mg of cell 
N per hour. 

O, Consumption and Respiratory Quotient—The Qo, of the 
bone samples was measured in P; buffer at pH 7.4 with air as 
the gas phase. The mean value for 19 experiments was 1.10 
umoles per hour per mg of cell N (s.d. 0.19) with glucose, 2 mg 
per ml final concentration, present as substrate. When glucose 
was omitted from the medium, no significant difference in Qo, 
was observed. The mean value obtained in 13 experiments was 
1.06 umoles per hour per mg of cell N (s.d. 0.15). These values 
were less than one-half those observed in 5 experiments with rat 
liver. In the latter tissue the mean value was 2.66 wmoles per 
hour per mg of cell N (s.d. 0.29). The Qo, for bone cells reported 
here is considerably higher than that found by Laskin and Engel 
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Fic. 2. Mean cumulative O2 consumption with time. The 
vertical bars about each point represent 1 standard deviation on 
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bar indicate the number of measurements used to determine each 
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TaBLeE I 
Manometric acid production by normal bone 
The values are expressed as uwmoles per hour per mg of cell N 
calculated from the means of 2-hour incubations in HCO;- buffer 
at pH 7.4. Glucose, when present, was at a final concentration 
in the medium of 2 mg per ml. 








Glucose present Glucose absent 

Aerobic 

PN THe RASA 0.82 —0.56 

OTT, FOIE ot SEs 0.04 0.13 

No. of incubations...... 14 5 
Anaerobic 

Ee Oe ae Ce 2.41 0.23 

| SEA eee 0.60 0.13 

No. of incubations...... 22 6 











(5) for slices of rabbit metaphyses. The Qo, of their bone 
preparations was less than ;'; that of liver or kidney. Whether 
these differences were the result of differences in the basis of 
reference used or in the species of animals, remains to be deter- 
mined. 

Attempts to measure the respiratory quotient of these bone 
specimens gave variable results which were impossible to inter- 
pret. In subsequent experiments it became apparent that this 
was most probably the result of variations in the amount of CO, 
retained in the medium and tissue during incubation. These 
findings will be discussed below in relation to the measurement 
of total acid production. 

Total Acid Production, Manometric Measurements—In another 
series of experiments the total acid production of bone cells was 
measured manometrically as the CO2 produced from bicarbonate 
buffer. The flasks were equilibrated with 5% COz in air for 
aerobic experiments and 5% CO: in Ne for anaerobic studies. 
Values reported in Table I are the total umoles of CO, evolved 
per hour per mg of cell N without correction for CO, retained in 
the system. It can be seen that with glucose the total acid 
produced in the presence of O2 was one-half that produced ana- 
erobically. In the absence of glucose a small amount of CO, 
was evolved under anaerobic conditions, but there was a net 
uptake of gas in the aerobic experiments. The latter finding 
suggested that the bone samples were absorbing some of the 
CO, produced. Corroboration of this finding was obtained from 
experiments with a metabolic inhibitor. After 2 hours of ana- 
erobic incubation, NaF at 2 different concentrations was added 
to the medium containing glucose and bicarbonate buffer. It 
can be seen from Fig. 3 that partial inhibition of glycolysis with 
NaF at a final fluoride concentration of 0.019 m prevented 
further net evolution of CO2, whereas with twice this concentra- 
tion CO, was taken up by the system. A similar phenomenon 
was observed in other experiments in which the bone cells were 
destroyed by boiling, suggesting that the uptake of CO. observed 
was due to the presence of bone in the system and not the result 
of the addition of F- ion per se. 

Although it is known that the total acid production of tissues 
in bicarbonate buffer is always slightly low and must be corrected 
for the CO which is not released by the buffer and the tissue 
sample (14), it is apparent that this error is greatly exaggerated 
when bone samples are studied. The magnitude of this effect 
is probably due to the presence of bone mineral which is not 
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only an extremely effective buffer? but, in addition, is capable of 
binding CO, as CO" ions on its surface (15). Therefore, the 
values for acid production by bone obtained by ourselves and 
others (5) represent at best only a fraction of the total acid being 
produced by the bone cells under the conditions studied. This 
is not only true for the CO, released from bicarbonate buffer by 
organic acid production but also for the metabolic or “respira- 
tory’ CO:. This is probably the reason that attempts to meas- 
ure the respiratory quotient of these samples were unsatisfactory. 

Lactic and Citric Acid Production and Glucose Uptake—In order 
to identify the acid being produced, chemical analyses of the 
medium for lactate and citrate were carried out after 2 hours of 
incubation. In addition, glucose uptake was measured in experi- 
ments where it was added as substrate. Table II presents the 
results of these analyses from incubations of bone samples in 
bicarbonate media. Several points are illustrated by these 
data. First, the total acid actually produced by the bone sam- 
ples (either lactate alone or the sum of lactate and citrate) 
averaged about twice that which was estimated manometrically 
(Tables I and II). This was true under both aerobic and ana- 
erobic conditions and was independent of the presence of glucose 
as a substrate. Second, the acid produced by these bone prepa- 
rations under aerobic conditions and in the presence of glucose 
was almost entirely lactic acid. Indeed, in these experiments 
the total citrate found was only 1.4% of the total lactate pro- 
duced. 

A comparison of the values obtained in the presence or the 
absence of substrate and Oz is also of interest. When glucose 
was present as substrate, the anaerobic lactate production was 
doubled when compared with aerobic conditions. On the other 
hand, when no substrate was added, the anaerobic production 
of lactate was not significantly greater than aerobically. Despite 
this 2-fold increase, it was surprising to find that the glucose 
uptake was the same with or without O2 present. Finally, since 
for every mole of glucose consumed by the Embden-Meyerhof 
pathway, a maximum of 2 moles of pyruvate can be produced, 
some estimate of the source of lactate can be obtained. Under 
aerobic conditions slightly more glucose was utilized than was 
predicted from the amount of lactate produced, indicating that 
approximately 16% of the total substrate used followed another 
pathway. On the other hand, 86% more lactate was produced 
anaerobically than could be accounted for by the glucose con- 
sumption. It would appear, therefore, that in the absence of 
O. some substrate other than the glucose in the medium was 
being metabolized to lactate at a considerable rate. Presumably 
this might have been derived from the matrix of the bone sample 
itself. Why this did not occur in the absence of glucose is not 
clear. A possible explanation might be that glucose is necessary 
to initiate a reaction that later utilizes endogenous substrate. 

Effects of Different Buffers on Lactate Production—In addition 
to the effects of oxygen and glucose on lactate production, the 
nature of the buffer used also proved to be important. The 
pertinent data are presented in Table III. It can be seen that 
with glucose and oxygen present, 30% more lactate was produced 
in bicarbonate buffer than in phosphate buffer. However, in 
the absence of glucose no difference was observed. The reasons 
for this effect are unknown at present, but differences in hor- 
monal effect on lactate formation have been observed between 
phosphate and bicarbonate buffer in other tissues (16, 17). 


2G. Nichols, Jr. and N. Nichols, unpublished studies. 
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TaBLeE II 


Lactic and citric acid production and glucose 
uptake in normal bone 
Values are expressed as umoles per hour per mg of cell N and 
represent the means of 2-hour incubations in bicarbonate buffer 
at pH 7.4. Glucose, when present, was added to the medium at 
a final concentration of 2mg perml. Differences between aerobic 
and anaerobic conditions were statistically significant only in the 


Taste III 
Aerobic production of lactate by normal bone 
Values are expressed as zmoles per hour per mg of cell N and 
represent the means of 2-hour incubations. Glucose, when pres- 
ent, was added to the medium at a final concentration of 2 mg per 
ml. A significant difference (p = <0.01) was observed between 
the two systems only when glucose was present. 



































case of lactate production in the presence of glucose (p = 0.001). | Glucose present Glucose absent 
Lactate Citrate With HCO; buffer | 
Glucose Peed! eet sethis « 2.56 0.37 
Glucose | Glucose | Glucose | “P'*K* ls spindle nadine 0.42 0.12 
mcg a es no tt No. of incubations..... | 7 5 
—_— With P; buffer 
8 TEE aaa ee: 2.56 | 0.37 | 0.035 | 1.52 Mean...........+0+++++. | 1.6 0.35 
2 NTA LEH 0.42 | 0.12 | 0.014 | 0.48 8.d..........-. caer nesses | is 0.06 
No. of incubations... 7 5 5 5 No. of incubations. ..... . 10 
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ED Se we See A Ee 0.69 0.04 .38 high rates of oxygen consumption, bone, like cartilage (19), ap- 
No. of incubations..... 6 2 6 pears to have chiefly an anaerobic or glycolytic metabolic pattern. 
Thus, the major portion (84%) of the substrate consumed by 
adult bone in the presence of oxygen passes only through the 
DISCUSSION 


Although the observations reported here are insufficient to 
provide a detailed understanding of the metabolism of adult 
bone cells, certain general conclusions concerning the over-all 
metabolic pattern of this tissue can be drawn from them. First, 
bone cells have a very active metabolism consuming glucose from 
the medium ata rapid rate. Indeed, their rate of glucose uptake 
was greater, even under anaerobic conditions, than rates re- 
ported by others for liver (18), or any other tissue so far studied 
with the exception of adipose tissue (17). 

In contrast to kidney, muscle, and liver which have relatively 





glycolytic pathways to form lactate as an end product leaving 
but 16% to go through the tricarboxylic acid cycle or for syn- 
thetic processes. 

The rate of citrate release into the medium in our preparation 
(0.035 umole per hour per mg of cell N) was almost identical to 
the rate which can be calculated from the data reported by 
Kenny et al. (20) by means of a completely different experimental 
system (0.033 umole per mg of bone N perhour). This compara- 
tively extremely small rate of citrate release suggests that mobili- 
zation of bone mineral by production of this acid plays at most 
a minor role in the maintenance of extracellular fluid Ca and P 
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concentrations. These findings leave unexplained the observa- 
tions of Neuman et al. (3) who have observed higher concentra- 
tions of citrate in the venous outflow from bone than in the 
arterial blood. Several explanations for these discrepancies are 
possible. The conditions of our experiments may have inhibited 
the production of citrate by the bone; the citrate found by other 
workers in bone venous blood might have been made by marrow 
cells; or the citrate might have been formed by the bone cells in 
our experiments but have been bound to the bone mineral and 
not released into the medium. Preliminary experiments suggest 
that the first two possibilities are unlikely. The third has not 
yet been explored. However, even though little citrate is made 
by bone cells, its rate of production as measured in these experi- 
ments is sufficient to account for the concentration usually found 
in bone, if it is bound on the crystal surfaces while mineral is 
deposited. The higher concentration of citrate found in bone 
venous blood following parathyroid hormone administration 
might very well be explained by the washing off from the crystal 
surface of citrate ions when bone is being resorbed. 

Some other questions are raised by these data which cannot 
be answered as yet: first, although a Pasteur effect would have 
been expected from the increased anaerobic lactate production, 
no increased glucose uptake was obtained. Second, if some other 
endogenous substrate was utilized by the cells in the absence of 
O2, what was its nature and why did the cell use it instead of the 
glucose present in the medium? Third, why was there an ab- 
sence of any significant increase in anaerobic lactate production 
in the absence of glucose? Fourth, why was there partial inhibi- 
tion of lactate production in phosphate buffer? 

Despite these uncertainties, the implications of the general 
metabolic pattern of bone cells suggested by these experiments 
in the maintenance of the relatively high concentrations of Ca 
and P in the extracellular fluid are clear. It would appear that 
bone cells are constantly producing large amounts of lactic acid, 
thereby lowering the pH of the fluids which bathe the bone 
mineral. The higher H+ ion concentration thus produced at 
the bone mineral surface increases the solubility of the bone salt 
and Ca and P are mobilized into the extracellular fluid. The 
rate at which lactic acid is produced by these cells appears quite 
sufficient to produce the concentrations of Ca and P normally 
found in the circulating fluids without invoking any other mecha- 
nism. 


SUMMARY 


Metaphyses of normal mice were incubated in vitro and some 
parameters of their metabolic activity were determined. 

When compared to other tissues such as liver, they showed a 
lower O2 consumption, whereas their glucose uptake was signifi- 
cantly higher suggesting a predominance of the glycolytic path- 
ways over the tricarboxylic acid cycle in bone cell metabolism. 
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The acid produced by bone cells was mainly lactate, and in 
comparison, the citrate production was minimal. These data 
support the concept that the concentrations of calcium and 
phosphate found in the extracellular fluid are the result of local 
pH change at the bone mineral surface which is determined by 
lactate and not by citrate formation. 

The kind of buffer present in the medium, the O, tension, and 
the presence of substrate proved to be of importance in deter- 
mining the amount of lactate produced. 

Aerobically, these samples utilized more exogenous substrate 
than could be accounted for by the lactate produced; whereas 
anaerobically, more lactate was produced than could be ac- 
counted for from the consumption of exogenous substrate. 


Acknowledgment—The authors are indebted to Dr. Morris J. 
Karnovsky who prepared and examined the histological prepara- 
tions. 
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In the preceding paper (1), data were presented which out- 
lined the general metabolic pattern exhibited by bone cells from 
metaphyses of normal adult mice incubated in vitro. However, 
this pattern, in reality, represents the end result of two separate 
and opposing processes, since the apparently “static” state of 
adult bone is the result of a dynamic equilibrium between accre- 
tion and resorption. Both of these processes are most probably 
determined by cellular activity, and one might expect, a priori, 
that the metabolic sequences leading to bone formation would 
be quite different from those which lead to its resorption. 

In order to examine these differences it was necessary to ob- 
tain samples from animals in whose bones one or the other proc- 
ess could be considered to be predominant. Since injections of 
parathyroid extract have been shown to produce bone resorption 
in a wide variety of animals (2), the metaphyses of mice pre- 
treated with this hormone were chosen to study the metabolic 
pattern of resorption. On the other hand, since estrogenic 
hormones have been shown to cause extensive new bone forma- 
tion in the metaphyses of the long bones in the male mouse (3), 
such samples should be representative of the metabolism of 
accretion. 

In this communication the metabolic patterns found in the 
bone cells of mice treated either with parathyroid hormone or 
estradiol-benzoate have been compared with each other and with 
the results obtained previously in bones from normal animals. 
It is apparent from these data that although the metabolic pat- 
terns of resorption and accretion are similar in certain ways, 
important differences exist in the utilization of glucose, the 
quantity of lactate and citrate produced under various conditions, 
and in the ratios of exogenous glucose used to lactate produced. 


EXPERIMENTAL 


Methods 


Adult male white Swiss mice, 6 to 8 weeks old and weighing 30 
to 50 g, were divided into 3 groups. The first served as controls. 
In the second, each animal received a total of 2 mg of estradiol- 
benzoate in oil subcutaneously in divided doses every other day 
for 1 week before it was killed. A total of 45 units of parathyroid 


* Supported by Grant No. A-854 (C3) from the Institute of 
Arthritis and Metabolic Disease, National Institutes of Health, 
U.S.P.H.S. 
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U.S.P. was given in 3 equal daily doses to the animals in the 
third group. The last dose of hormone in both groups was given 
18 to 24 hours before the animals were killed. An increase of 
plasma calcium concentration of 30% in the parathyroid-treated 
mice indicated that the hormone was effective, whereas an in- 
creased volume of spongy bone in the metaphysis was visible 
both grossly and histologically in the estrogen-treated animals 
when compared to controls. 

The preparation of the metaphyses, the conditions of incuba- 
tion, and the media, analytic methods, and calculations employed 
were the same as those previously reported (1). 

The cell nitrogen per unit of wet weight of bone was measured 
for the hormone-treated animals in the same manner as for 
normal controls. The data obtained and the regression lines 
for each group are plotted in Fig. 1. Although no significant 
differences were found in the slopes for the three groups, the 
absolute levels of cell nitrogen in the bones of estradiol-treated 
rats were lower than those found in the other two groups, the 
difference being statistically significant (p = < 0.001). There- 
fore, two regression lines, One for the estrogen-treated animals 
and the other for the PTE!-treated and control mice, have been 
plotted and were used to calculate the cell nitrogen values for 
the respective groups. 

All data in the tables are presented as umoles per mg of cell 
nitrogen per hour for comparative purposes. 


RESULTS 


Oxygen Consumption—The rates of oxygen consumption meas- 
ured in phosphate buffer at pH 7.4 for bones from the three 
groups of animals are presented in Table I. No significant differ- 
ences were found between the various groups, and the presence 
or absence of glucose in the medium did not influence this param- 
eter. The only samples in which the Qo, was at all different were 
those from the parathyroid-treated animals incubated with 
glucose as substrate, in which the mean value was slightly but 
not significantly lower than the others. This is in contrast to 
the report of Laskin and Engel (4) who found a 30% decrease in 
O, utilization in bone samples from parathyroid-treated rabbits. 

Total Acid Production: Manometric Measurements—As has been 
pointed out (1), the manometric measurement of total acid 
production by bone cells as CO, released from a bicarbonate 
buffer gives results which average 50% less than the true total, 
due to the great retention of CO: in a system which contains 
bone mineral. Therefore, although such measurements were 
made in these experiments, the data have been omitted. 


1 The abbreviation used is PTE: parathyroid extract. 
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Lactate Production—The production of lactate by bone samples 
from each of the three groups, measured chemically in the me- 


dium following incubation is presented in Table II. These 
incubations were carried out in bicarbonate buffer at pH 7.4. 
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Fic. 1. The relation of cell nitrogen content to the wet weight 
of the bone sample. Both regression lines were calculated by the 
method of least squares. The lower line was calculated from the 
combined data for normal and PTE-treated animals, since no sig- 
nificant difference was found between the two groups. The upper 
line was calculated from the data obtained in estrogen-treated 
animals. The slopes of these lines are the same, although the in- 
tercepts are significantly different, and show a highly significant 
(p < 0.001) relation between cell nitrogen content and the wet 
weight of the sample. 


TABLE I 
Oxygen consumption of bone 


Values are expressed as ymoles per hour per mg of cell nitrogen 
calculated from the means of 2-hour incubations in P; buffer at 











pH 7.4. Glucose, when present, was at a final concentration of 2 
mg per ml of medium. 
Qo, 
Glucose present Glucose absent 

Controls 

Sees 1.10 1.06 

_ | SE Se Sele sate es 0.19 0.15 

No. of incubations... . 19 13 
PTE 

8 ott eee eet .97 1.04 

Ok FOR AE Ce 0.19 0.21 

No. of incubations... . 17 4 
Estradiol 

Pn haddinns aivcdena 1.09 

Ee epee eee 0.21 

No. of incubations... . 9 
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TABLE II 
Lactate production of bone 
Values are expressed as zmoles per hour per mg of cell nitrogen 
calculated from the means of 2-hour incubations in HCO; buffer 


at pH 7.4. Glucose, when present, was at a final concentration of 
2 mg per ml of medium. 























| Glucose present Glucose absent 
| Aerobic Anaerobic Aerobic Anaerobic 
Control 
pS eee 2.56 5.46 0.37 0.48 
a. ee 0.42 0.69 0.12 0.04 
No. of incubations 7 6 5 2 
PTE 
Mean....... | 3.44 4.42 0.33 0.36 
Se .....| 0.62 | 0.74 | 0.10 | 0.32 
No. of incubations.... .| 8 8 5 6 
Estradiol 
MRS. lease tase | 2.07 2.21 
s.d.. vera nee es | 0.55 0.26 
No. of incubations.... | Y 6 





Aerobically, in the presence of glucose, prior treatment with 
PTE caused a 34% increase in the rate of lactate production 
compared to controls (p < 0.01), whereas estradiol] caused a 19% 
decrease. However, the latter difference is only on the border- 
line of significance (p < 0.1 > 0.05). On the other hand, under 
anaerobic conditions the pattern of variation between groups is 
quite different. It can be seen that in controls the absence of 
oxygen doubled the lactate production (p < 0.001). In PTE- 
treated animals, the increase in lactate production anaerobically 
was only 24% (p < 0.02). Furthermore, this value was 19% 
lower than controls (p < 0.05) in contrast to aerobic conditions 
where it was 34% higher. Finally, in estradiol-treated animals 
anaerobiasis caused virtually no change in lactate production. 

In the absence of glucose, the rate of aerobic lactate formation 
was the same in both controls and parathyroid-treated animals 
and remained unchanged under anaerobic conditions. It is 
noteworthy that these rates of lactate formation were compara- 
tively very small, being less than one-fifth of those observed in 
the presence of glucose. 

Citrate Production—In view of the observations of Firschein 
et al. (5, 6) concerning increased levels of citrate in bone venous 
blood following parathyroid extract administration, and those 
of Laskin and Engel (4) concerning reduced rates of citrate oxida- 
tion by rabbit bone under similar conditions, the data presented 
in Table III are of interest. Aerobically, the amount of citrate 
produced by bones from animals treated with PTE is extremely 
small when compared to their production of lactate, being only 
1.3% of the total lactate. Although the mean amount of citrate 
produced appears to be 30% greater than that found in controls 
under the same conditions, the difference between the two is not 
statistically significant. Anaerobically, the citrate production 
of the PTE-treated group was significantly lower than aerobically 
(p < 0.01). These observations suggest that, although increases 
in citrate production may occur under some conditions following 
parathyroid hormone administration, the amount of acid so 
produced is likely to be quantitatively of little importance in 
the over-all processes of bone resorption. 

Glucose Uptake—The measurements of glucose consumption 
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are summarized in Table IV. It was found that under aerobic 
conditions there was no significant difference between the three 
groups. In PTE-treated animals there seemed to be a slight 
fall in glucose uptake anaerobically but the difference proved not 
to be significant. In estradiol-treated animals, however, ana- 
erobic conditions doubled the glucose consumption (p < 0.01). 
This Pasteur effect was entirely absent in the other two groups. 
It is also of interest that the increased lactate production under 
anaerobic conditions which normally accompanies the Pasteur 
effect was not seen in these bone preparations taken from estra- 
diol-treated animals (cf. Table II). 

Effects of Buffer on Lactate Production—Since the stimulatory 
effect of PTE upon the lactate production of bone cells appeared 
to depend on the presence of both glucose and oxygen and since 
incubation in P; buffer inhibited lactate formation in normal 
bones, the effects of different buffers were investigated. Table 
V presents the data obtained. Inhibition of lactate production 
in P; buffer from PTE-treated animals was even greater than in 
normals and the stimulatory effect of the hormone was com- 
pletely abolished. Thus the nature of the buffer used seems of 
importance in demonstrating the effect of parathyroid hormone 
on bone cells. 


TABLE III 
Citrate production by bone 
Values are expressed as wmoles per hour per mg of cell nitrogen 
calculated from the means of 2-hour incubations in HCO; buffer 
at pH 7.4. Glucose, when present, was at a final concentration 
of 2 mg per ml of medium. 
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Anaerobic 

Control 

ee 0.035 

SETS Se ee 0.014 

No. of incubations... . 5 
PTE 

DONE hee ec ee 0.045 0.026 

Spree 2 ane Pee ey 0.008 0.006 

No. of incubations... . 5 6 

TaBLe IV 


Glucose uptake by bone 
Values are expressed as ymoles per hour per mg of cell nitrogen 
calculated from the means of 2-hour incubations in HCO;~ buffer 
at pH 7.4. Glucose, when present, was at a final concentration of 
2 mg per ml of medium. 











Aerobic Anaerobic 

Control 

MN Rar eee ee 1.52 1.47 

i Sh ae pee eee Tee 0.48 0.38 

No. of incubations... . 5 6 
PTE 

05, x Sitch Su Were 1.48 1.18 

OU Sip ite yeh eet Shey oe gs: 0.72 0.56 

No. of incubations... . 5 9 
Estradiol 

RR Si ante hase bith ask 1.14 2.04 

DA ssc sa MO Rice aced 0 0.52 

No. of incubations... . 6 6 
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TaBLeE V 


Aerobic lactate production, effects of different buffers 
Values are expressed as umoles per hour per mg of cell nitrogen 
calculated from the means of 2-hour incubations at pH 7.4. Glu- 
cose was present at a final concentration of 2 mg per ml in all ex- 

















periments. The differences in lactate production between the 
two buffers were significant in both groups of animals (p < 0.01). 
HCO; P; 
Control 
DOR. 553 2 2.56 1.93 
O@iescki oct ine toa 0.42 0.12 
No. of incubations... . 7 5 
PTE 
SE ee ee, ee 3.44 1.82 
OR een. 0.62 0.13 
No. of incubations... . 8 6 
DISCUSSION 


It is apparent that the general pattern of bone cell metabolism 
shown in the experiments with metaphyses from normal mice 
was shared by both the processes of accretion and resorption as 
represented by the estradiol-treated and PTE-treated animals, 
respectively. The differences between the two processes shown 
by the present data were, in general, quantitative rather than 
qualitative in nature. 

The fact that administration of PTE, in sufficient dosage to 
raise the serum Ca concentration 30%, produced an increase of 
34% in bone lactate production, but no significant change in 
citrate production is of great interest in several respects. First, 
the conditions of incubation required to demonstrate this effect 
(glucose, O2, and HCO;~ buffer) are precisely those expected in 
the living animal. Second, it would appear, from these studies 
in vitro, that the mobilization of the mineral in bone resorption 
(as produced by parathyroid extract administration) is more 
likely to be the result of increased lactate formation than citrate 
production as has been suggested by others (7, 8). The demon- 
stration of greater increases in lactate than citrate (although not 
statistically significant) in bone venous blood after PTE admin- 
istration that has been reported from Neuman’s laboratory lends 
further credence to this view (6). 

The possibility that the interval between the last dose of 


TaBLe VI 
Comparison of glucose uptake and lactate formation in bone 


Values are expressed as wmoles per hour per mg of cell nitrogen 
calculated from the means of 2-hour incubations in HCO;~ buffer 








at pH 7.4. Glucose at a concentration of 2 mg per ml of medium 
was present as substrate in all experiments. 
| Glucose uptake me jam 
| 
PTE 
Aerobic.......... | 1.48 2.96 3.44 
Anaerobic........ 1.18 2.36 4.42 
Control 
TE. os sens 1.52 3.04 2.56 
Anaerobic....... 1.47 2.94 5.46 
Estradiol 
RerGue.<.....:. 1.14 2.28 2.07 
Anaerobic........ 2.04 4.08 2.21 























1214 


hormone and the sacrifice of the animal was too long to demon- 
strate effects on citrate metabolism seems unlikely. Preliminary 
experiments with animals given a large dose of PTE 2 hours 
before being killed showed patterns similar to those reported 
here. It seems more probable, therefore, that the increased 
citrate found in the venous outflow from bone following PTE 
administration (5), was mobilized from the mineral surface by 
the increased production of lactate. In recent experiments in 
vitro? in which dry bone solids have been eluted with dilute lactic 
acid and successive fractions of eluent analyzed for citrate, this 
ion has been found in appreciable quantity in the second fraction 
only, whereas Ca and P have not appeared until the third and 
subsequent fractions. 

Turning to the estrogen-treated group where bone accretion 
was predominant, it was interesting to find that the aerobic 
lactate production was less than in controls, and that no increase 
occurred under anaerobic conditions in contrast with the two 
other groups. Thus, it appears that when mineral deposition 
is going on, the production of acid by bone cells is decreased. 
As a result, the physical conditions at the crystal surface of the 
mineral should be more favorable for the deposition of Ca and 
phosphate salts, since the local pH should be higher and the 
solubility of bone mineral, therefore, lower. 

The differences in glucose uptake which occurred between 
groups under various conditions of incubation are of equal inter- 
est. Whereas a Pasteur effect was clearly demonstrated in bones 
from the estrogen-treated group, no such effect was observed in 
controls, and the reverse was true for the PTE-treated animals. 
In the latter group, the aerobic glucose uptake was actually 
larger than the anaerobic. Comparing the glucose uptake values 
to lactate formation, and assuming that each mole of glucose 
consumed produced 2 moles of pyruvate, several findings with 
interesting implications appear, as shown in Table VI. In the 
PTE-treated group there was always more lactate produced than 
could be accounted for from the glucose consumed. In contrast, 
in the estradiol-treated group there was always less lactate pro- 
duced than pyruvate derived from the glucose uptake. The re- 
sults from the control group fall between the two others as might 
be anticipated. Under aerobic conditions the controls behaved 
like the estradiol group, whereas anaerobically their metabolic 
pattern was similar to the PTE group. 

The source of the additional lactate produced by the PTE 
group is unknown. The low levels of lactate observed without 
substrate suggest that it probably was not preformed in the bone 
and leached out during incubation. Rather, it would appear to 
be derived from breakdown of some component of the organic 
matrix during the resorptive process. Similarly, the fate of the 
glucose used in excess of lactate formed by bone from the estra- 
diol-treated group was not determined, but it is possible that it 
was used in the synthesis of components of the matrix of the 
new bone being formed. Finally, the low level of endogenous 
lactate production in all groups and the lack of any difference 
between them under aerobic or anaerobic conditions suggest that 
these processes might be glucose-dependent. 

These data can all be fitted into a single scheme of bone accre- 
tion and resorption. In accretion, as represented by the estra- 
diol-treated group, where the solubility of bone should be de- 
creased to allow for net deposition of mineral and where new 
organic matrix must be synthesized, less substrate goes to acid 


2G. Nichols, Jr., and N. Nichols, to be published. 
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formation and more goes to other, presumably synthetic, path- 
ways. On the other hand, during bone resorption, exemplified 
by PTE-treated animals, in which bone mineral must be dis- 
solved and organic matrix broken down, the acid production is 
increased and not only does all the exogenous substrate utilized 
go to lactate but part of the organic matrix is metabolized to 
lactic acid as well. Finally, the fact that the behavior of con- 
trol bones can resemble either of these two groups depending 
on the O: tension, suggests that in the regulation of accretion and 
resorption of the living bone, the net production of organic 
acids, chiefly lactate, and the O2 tension at the bone cell surface 
are of primary importance. 


SUMMARY 


The effects of prior treatment with parathyroid extract and 
estradiol on bone metabolism have been investigated in vitro in 
mice metaphyses in an attempt to reproduce the conditions of 
resorption and accretion, respectively. 

Lactate production was markedly increased after parathyroid 
extract administration. The citrate production, already minimal 
in controls when compared to lactate, was not significantly in- 
creased by this hormone and no Pasteur effect was observed 
under anaerobic conditions. 

Estradiol did not increase the lactate production which re- 
mained at a level slightly below normal. However, a definite 
Pasteur effect was obtained under anaerobic conditions. The 
fact that these two hormones had no effect on O2 consumption 
further supports the concept that the tricarboxylic acid cycle 
and, therefore, citrate production is of little importance in bone 
cell metabolism. 

When the quantities of lactate produced and of substrate 
utilized were correlated, it could be seen that after parathyroid 
extract administration the lactate produced was always greater 
than the glucose consumed, suggesting that some other endog- 
enous substrate was utilized under these conditions. On the 
other hand, after estradiol administration the amount of sub- 
strate utilized was always greater than the lactic acid produced 
under both aerobic and anaerobic conditions, suggesting that 
synthetic pathways were being utilized. 

The buffer used in the medium, the O: tension, and the presence 
of substrate proved to be of great importance in demonstrating 
these effects. 


Acknowledgment—The authors are indebted to the Schering 
Corporation and Eli Lilly and Company for supplying the hor- 
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For many years investigators have found it difficult to estab- 
lish the nature of the physicochemical relationship which must 
exist between bone mineral and the concentrations of the ions 
in tissue fluids bathing it. Because the addition of pieces of dead 
bone to normal plasma at pH 7.4 results in a fall in the concentra- 
tions of calcium and phosphate (1, 2) it has been suggested that 
blood is normally “supersaturated” with respect to the ions of 
the calcium phosphate component of the mineral. On the other 
hand the product of the calcium and phosphate concentrations 
in tissue fluid is below that at which spontaneous precipitation 
occurs in synthetic fluids of similar composition (3); in fact, pre- 
cipitation occurs at about twice this product. In this sense, 
therefore, tissue fluid is “undersaturated.’’ In considering this 
apparent anomaly Neuman and Neuman (4) have consistently 
maintained that the equilibrium between bone mineral and the 
fluids bathing it cannot be explained in terms of a thermodynamic 
solubility product for bone, for not only is the composition of the 
material variable, but its formation would involve the simultane- 
ous collision of at least seventeen ions, assuming that the basic 
structure is a carbonate-containing apatite. This last event is 
statistically a virtual impossibility. 

While accepting the facts outlined above we believe that the 
consideration of other data might resolve the problem. Nordin 
(5) has previously shown that the equilibration of powdered calf 
bone with inorganic solutions of calcium and phosphate yielded 
a relatively constant “solubility product” over the pH range 6.2 
to 7.8. The solubility of the bone powder at pH 7.4 was not 
high enough to account for the calcium and phosphate concen- 
trations found in normal tissue fluid, but at about pH 6.8 an ion 
product was obtained which approximated to that in blood. It 
was therefore suggested that “‘the tissue fluid concentrations of 
calcium and phosphate could represent a solubility equilibrium 
with the bone salt if the pH on the surface of the bone crystal 
was about 6.6 to 6.8.” It has since been noted that experi- 
mentally determined values for intracellular pH are about 6.8 to 
7.0 (6, 7), and we think this makes the above hypothesis more 
plausible. We have now confirmed the original observations 
with human bone and obtained further data which strengthen 
our view that a “product,” albeit empirical, governs to some 
extent the levels of calcium and phosphate in tissue fluids. 


EXPERIMENTAL 


Pieces of normal femoral bone, free of marrow, were ground 
to a powder (British Standard graded sieve 22 mesh) and then 
defatted in acetone for 1 to 2 hours, washed in alcohol, and dried 
with ether. Three-gram samples of bone powder in 10 ml of 


* This paper forms part of a study undertaken while in receipt 
of a grant from the Medical Research Council. 
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buffered equilibration fluid were sealed in lengths of dialysis 
tubing and placed in 100-ml screw-capped polythene bottles 
containing a further 30 ml of the same fluid. To every liter of 
solution, 6 ml of chloroform were added as a bacterial inhibitor. 
The bottles were inverted mechanically 20 times a minute. The 
pH of the fluid outside the bag was determined electrometrically 
at frequent intervals and the required pH maintained by the 
addition of the appropriate buffer component. 

Tris(hydroxymethyl)aminomethane-HCl buffer was used over 
the pH range 7.0 to 7.8 and cacodylic acid-potassium cacodylate 
over the range 6.2 to 7.0. All the buffer solutions were 0.15 m, 
but the effect of added calcium and phosphate salts on molarity 
was disregarded. It was established by potentiometric titration 
of the stock buffers with sodium hydroxide and calcium hydroxide 
that neither buffer exerted any significant specific ion eftect on 
calcium. 

The majority of the experiments were conducted for 24 hours, 
previous experience having shown that equilibrium is achieved 
in this time, and then the concentrations of calcium and phos- 
phate in the fluids outside the bag were measured. The calcium 
as measured may be regarded as ultrafilterable or dializable 
calcium. 

Calcium was determined by titration with ethylenediamine- 
tetraacetic acid (with ammonium purpurate as indicator) in a 
photoelectric absorptimeter. In our hands the standard error 
of the method over the range 0 to 12 mg/100 ml of Ca (with not 
more than 5 mg/100 ml of P) is 0.016 mg/100 ml of Ca. 

The determination of inorganic phosphate was carried out by 
a modification of the method of Fogg and Wilkinson (8), with the 
use of molybdic-sulfuric acid and ascorbic acid. The standard 
error of this method over the range 0 to 5 mg of inorganic phos- 
phate per 100 ml, with a Ca of 0 to 20 mg/100 ml, is +0.025 
mg/100 ml of P. 


RESULTS 


The results of forty 24-hour equilibration experiments over the 
pH range 6.58 to 7.91, and of ten 24-hour experiments over the 
pH range 6.21 to 6.50, along with three further 72-hour equilibra- 
tions in this range, are presented graphically in Figs. 1 to 6. 

Fig. 1 shows that the absolute concentration of calcium main- 
tained by the bone in inorganic solutions is related to pH and 
varies from about 8 x 10-* m at pH 6.2 to about 0.5 x 107 mu 
at pH 7.8. The final concentration was independent of the 
initial calcium concentration in the system, equilibrations being 
conducted from above and below the final levels throughout the 
pH range. 

Fig. 2 shows the concentration of total inorganic phosphate 
[P] and also the absolute concentrations of the ion species 
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Fie. 1. The relationship between pH and calcium concentra- 
tion after equilibration with 0.15 m buffer solutions at 37°. 


{[HPO,"] and [PO] over the pH range studied. It can be 
seen that above pH 6.58 concentrations of total inorganic phos- 
phate and divalent phosphate are relatively independent of pH 
and fall within the ranges 0.4 to 0.1 and 0.25 to 0.05 x 10-* m, 
respectively. On the other hand the concentration of trivalent 
phosphate varies directly with the pH from about 1 x 107° m 
at pH 6.6 to about 7 x 10-° M at pH 7.8. 

Fig. 3A shows the relationship between pH and the product of 
the concentrations of ionic calcium and divalent phosphate. 
This product is plotted as a negative logarithm, conventionally 
expressed as the pK. It can be seen that the pK of the ion 
product (i.p.) [Ca++] x [HPO,°"] rises from about 6.3 at pH 6.6 
to about 7.0 at pH 7.8. This suggests that the undissociated 
salt with which these ions are in equilibrium is not CaHPO,. 

In Fig. 3B the ion product [Ca**}* x [PO,=|? is plotted against 
pH. From pH 6.58 to 6.91 the pK of this product is reasonably 
constant at about 26.3. 

Fig. 4 shows the crude product [Ca*+]* x [P} plotted against 
pH. The value of the corresponding product calculated from 
the concentrations of ionic calcium and total inorganic phos- 
phorus in normal tissue fluid is also shown and is equivalent to 
the product obtained with bone powder at pH 6.8. 

Fig. 5 shows the data plotted to demonstrate the reciprocal 
relationship between [Ca++]? and [PO,=]?. The line indicates 
the arithmetic mean product of all the values illustrated. 

The data obtained in experiments below pH 6.58 are somewhat 
anomalous, as are shown in Fig. 3B. This may be due to the 
relatively large changes in concentration of calcium ions pro- 
duced by small pH fluctuations as a result of which the system 


1 All phosphate species are included in the determination and 
expressed as phosphorus. The symbol P is used where no particu- 
lar ion species is implied. 
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6.2 6.4 66 68 7.0 7.2 7.4 7.6 78 pH 
Fic. 2. The relationship between pH and the concentrations of 


total phosphate, divalent phosphate ion, and trivalent phosphate 
ion after equilibration with human bone powder. 


is less stable in this pH range. Since the pH values are lower 
than any presumed physiological range, these results, while pre- 
sented, will not be considered in interpreting our data. 

Although the product [Ca**]* x [P} obtained at pH 6.8 was 
equivalent to that of tissue fluids, it can be seen from Figs. 1 and 
2 that the molar ratio of calcium to phosphate at this pH was 
about 20 to 1, and very much higher than the 1.5 to 1 molar 
ratio normally found in plasma. An experiment was therefore 
designed to establish whether a Ca:P ratio nearer to that in 
tissue fluid could be reproduced in vitro by sustaining the phos- 
phate concentration of the system. This experiment is illus- 
strated in Fig. 6. After 24-hour equilibration at pH 7.00 inor- 
ganic phosphate was added to raise the phosphate concentration 
to about 6.5 mg/100 ml, followed by hourly additions to main- 
tain this concentration. Under these circumstances there was 
an appreciable fall in [Ca++], which continued for 24 hours. 


DISCUSSION 


Our data appeared to confirm the existence of a calcium phos- 
phate product in inorganic solutions equilibrated with dead 
human bone. This product is independent of pH when expressed 
in terms of [Ca++]? x [PO,"]? but is pH-dependent when ex- 
pressed in terms of [Ca++] x [HPO,7], suggesting that the rele- 
vant phosphate ion species governing the equilibrium between 
bone and the bathing fluid is trivalent rather than divalent phos- 
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62 64 66 68 7.0 7.2 74 76 78 pH 
Fic. 3. The ion products (i.p.) [Ca**] X [HPO,"] and [Ca**]’ x 


(PO,*]? expressed as negative logarithm (pK), and plotted against 
pH. 
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Fic. 4. The relationship between the crude product in normal 
human tissue fluid ({Ca**+] = 6 mg/100 ml and [P] = 3 mg/100 ml) 
indicated and corresponds to an equilibrium with bone at pH 6.8. 
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Fic. 6. The effect of adding inorganic phosphate to equilibrated 
systems to maintain an absolute phosphate concentration similar 
to that found in plasma. There is a fall in the concentration of 
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phate (Fig. 3). This can also be seen by comparing Figs. 1 and 2, 
which show that there is a reciprocal relationship between the 
concentrations of [Ca++] and [PO,=] over the whole pH range 
whereas no such relationship exists between [Ca++] and [P] or 
{[HPO,-]. A product involving tribasic phosphate fits our data 
better than one involving divalent phosphate whether equilib- 
rium is approached from high or low concentrations of either or 
both ions. The suggestion in our previous paper (5), based on 
fewer data, that the first salt formed on precipitation was calcium 
acid phosphate, is therefore not substantiated. 

We believe that the effect of pH on the dissociation of phos- 
phoric acid and hence on the concentration of the tribasic ion 
also explains the relationship between the concentrations of 
calcium ion and hydrogen ion in inorganic systems previously 
noted by Hodge (9). 

The ion product observed ((Catt+}* x [PO]? = 4.1 x 10°?) 
is lower than that obtained in tissue fluid at pH 7.4 but corre- 
sponds quite closely to the theoretical product in normal tissue 
fluid at a pH of 6.8. The calculation is as follows: 


1.5 X 10-* mole/liter 
1.12 X 10° mole/liter 


Normal plasma ionic calcium [Ca*t*] = 


Normal plasma inorganic phosphate [P] 


Fraction of [P] as [PO,"] at pH 6.8 = 9.8 X 107 
Concentration of [PO,*] = 1.10 X 10-° 
Therefore [Cat*}® X [PO,"|? = 4.1 X 10°77 


This suggests, as we have indicated before, that the pH in bone 
might be less than that in tissue fluid, and implies that the pH 
in bone may be about 6.8 (Fig. 4), which is similar to intracel- 
lular pH (6, 7). 

However, although the “solubility” of our bone preparation 
would account for the calcium phosphate product in tissue fluid 
if the pH governing the equilibrium were 6.8, the ratio of calcium 
to phosphate in our experiments is always very much higher than 
that in tissue fluid. The ratio of calcium to phosphate in the 
media at equilibrium below pH 7.4 is also far higher than the 
Ca:P ratio of bone itself, whatever the ratio in the solutions may 
have been initially. In fact in experiments which started with 
solutions containing no calcium or phosphorus the amount com- 
ing out of bone did not correspond to the ratio of these elements 
in bone itself, the Ca:P ratio below pH 7.4 always being much 
higher than 2:1 by weight. Furthermore, in the experiments 
starting with moderate amounts of calcium and phosphate in the 
solutions the calcium tended to rise and the phosphate to fall 
until equilibrium was established. A possible explanation of 
these findings is that a basic salt of calcium and phosphate with 
a high Ca:P ratio is dissolving and that a less basic one with a 
lower ratio is forming. 

Although we have demonstrated a calcium phosphate product 
in relation to bone, the experiments discussed so far do not indi- 
cate that this product is other than fortuitous. Neuman (4) has 
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suggested the possibility that the relationship between calcium 
and hydrogen ion concentrations in solution equilibrated with 
hydroxyapatite could be explained by exchange of calcium for 
hydronium ion. Clearly if this were the case, variations in the 
pH of the solutions would influence the concentrations of Ca++ 
and PO in a reciprocal manner and might result in a fortuitous 
product. In fact none of the experiments presented in Figs. 1 
to 5 necessarily imply that either the calcium or phosphate ion 
influence directly the concentration of the other. 

The experiment shown in Fig. 6 appears to us to resolve the 
problem. By maintaining a high concentration of phosphate in 
the fluid, we reduced the calcium concentration without changing 
the pH, and we think this indicates the existence of a true re- 
ciprocal relationship between these two ions. It is possible that 
the concentration of phosphate in tissue fluid is normally main- 
tained by extraskeletal mechanisms, such as absorption of phos- 
phate from gut and protein catabolism. These vital processes 
lower the Ca:P ratio to the physiological level of 2:1 by weight. 
This may explain why the Ca:P ratio in tissue fluid is very much 
lower than that observed in our inorganic system at equilibrium, 
even when the product is the same. 


SUMMARY 


1. Samples of human bone powder have been equilibrated with 
inorganic solutions; 53 experiments are reported. 

2. In the pH range 6.58 to 7.8 a relatively constant ion product 
(Ca*+)? x (PO)? is obtained whether equilibration is ap- 
proached from “supersaturation” or ‘“undersaturation.”’ 

3. The arithmetic mean product observed was 4.1 x 10°”. 
This would correspond to the ion product in normal tissue fluids 
at a pH of 6.8. We suggest that this may be the pH at the 
surface of the bone mineral. The Ca:P ratio at equilibration is 
always higher than that in normal tissue fluid. In two experi- 
ments it was reduced by frequent addition of phosphate to the 
system. 

4, The ion product (Ca++) * (HPO,°) varies linearly with pH 
over the range studied and we conclude that the salt CaHPO, 
is not involved in these equilibria. 
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of the pathogenesis of cardiac necrosis.” 
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The Chemical Prevention of 


Cardiac Necroses 
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Selye’s direction at the Institute of Experimental Medicine and 
Surgery, University of Montreal. 
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operating on plant tissues, etc. 12 Contributors. 1959. 136 ills., 
tables; 326 pp. $8.00 





The Sth annual symposium publication of 
the Society of General Physiologists 


Subcellular Particles 
Edited by TERU HAYASHI 


A comprehensive review of the most recent research on cell inclu- 
sions. Teahouse is on the structural aspects of subcellular par- 
ticles as related to their function, especially with regard to the 
properties of the pepe ge system created by the particulate 
material within the cell. Book includes improved, coordinated 
techniques in ultra-centrifugation, electron microscopy, and 
microchemical analysis. 20 Contributors. 1959. 122 ills., tables; 
213 pp. $6.00 


OTHER S. G. P. SYMPOSIA— 


PHYSIOLOGICAL ADAPTION. C. Ladd Prosser, Editor, with 14 
Contributors. 90 ills., tables; 185 pp. $4 
INFLUENCE OF TEMPERATURE ON BIOLOGICAL SYSTEMS. 
Frank H. Johnson, Editor, with 24 Contributors. 133 ills., tables; 


275 pp. $4.50 
PHYSIOLOGICAL TRIGGERS AND DISCONTINUOUS RATE 
PROCESSES. Theodore H. Bullock, Editor, with 16 Contributors. 
55 ills., tables; 179 FP $4 
ELECTROLYTES IN BIOLOGICAL SYSTEMS, Abraham M. Shanes, 
Editor, with 11 Contributors. 123 ills., tables; 243 pp. 
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Presents much new and 
Suggestive evidence... 


Riley: THE 
MAST CELLS 


This book is in two parts. The first is a 
review of the literature, mainly up to 1950 
when the work described in the second part 
began. This second part is essentially the 
thesis, ‘‘ Functions of the Tissue Mast Cells,’’ 
which was accepted in 1958 by the University 
of St. Andrews for the degree of Doctor of 
Philosophy. 

CONTENTS—Review of the Literature: 
The discovery of the mast cells. The mast cell 
in evolution. The blood mast cell, basophil 
or mast leucocyte. Mast cells in pathological 
conditions. The mast cell and heparin. Experi- 
mental: Introduction. Detailed distribution 
of mast cells in cattle and the rat. The effects 
of histamine-liberators on the mast cells of the 
rat. Histamine in tissue mast cells: normal 
tissues. Histamine and heparin in tissue mast 
cells: pathological conditions. The effects of a 
specific histamine-liberator, compound 48/80, 
on the mast cells of the rat. The effects of the 
same histamine-liberator on two different 
species, mouse and rat. Binding of histamine 
in the mast cell: the nature of the mast-cell 
granule. Non-mast cell histamine: the high 
histamine content of the pyloric mucosa. 
The function of heparin. Mast cells and hista- 
mine in the skin. General discussion: func- 
tions of the tissue mast cells. 


By James F. Rirey, M.B., Ch.B. (Honms.), M.D., Ph.D., D.M.R.T.. 
F.R.C.S.E., Consultant Radiotherapist, Royal Infirmary, Dundee. 
Lecturer in Radiotherapy, University of St. Andrews 


1959 * 192 pp., 65 figs. +* $6.75 
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PSYCHOLOGY PHYSICAL CHEMISTRY 
Vol. 22 (Mar. 1960) Vol. 13 (Oct. 1959) 

PHYSIOLOGY MICROBIOLOGY 
Vol. 11 (May 1960) Vol. 9 (Dec. 1959) 

MEDICINE NUCLEAR SCIENCE 


Vol. 10 (June 1959) 
PLANT PHYSIOLOGY 


Cumulative Chapter Indexes—Beginning with all 1960 Volumes 
Subject and Author Indexes Clothbound 
$7.00 postpaid (U.S.A.) $7.50 postpaid (elsewhere) 
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STAINLESS STEEL 
CULTURE TUBE CLOSURE 


sa ere. | 
and DeLONG 
CULTURE FLASK* 












This convenient combination pro- 
vides greater ease and safety in 
handling. Prevents contamination 
from the air and reduces evapora- 
tion to approximately !/2 that of 
conventional Erlenmeyer flasks and 
cotton plugs. Immediate shipment 
on 7 sizes (ml.}: 25, 50, 125, 550, 
300, 500, 1000. *PATENTS PENDING 
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Announcing a mew book by a 
renowned investigator... 


Clark’s OXIDATION- gues 
REDUCTION POTEN- too ) 
TIALS OF ORGANIC : 
SYSTEMS 


“Although more than 100 tables are required to summarize 
existing data on groups of organic oxidation-reduction systems, the 
number of systems so far studied successfully by the methods here 
outlined is very small relative to the number in the whole field of 
organic chemistry. On the other hand are two exciting facts. With 
the increasing number of enzymes being isolated in nearly 
homogeneous states, biochemists have at hand enlarging means of 
bringing about equilibrium between two oxidation-reduction 
systems. If the standard potential of one of these systems is known, 
it and the constant for the equilibrium may be used to calculate 
the standard free energy change for the other. Also it may happen 
that an enzyme will accelerate to a state of equilibrium a reaction 
between an electromotively inactive system and a ‘mediator’ that 
is electromotively active. In such a case potentiometric 
measurements can, under proper conditions, be interpreted as 
applying to the inactive system.”—Preface 








ConTENTS: The more important part of the book is an extensive 
compilation of data with critical notes thereon. There are chapters 
on the historical background; pertinent parts of thermodynamics; 
conventions; formulations of the relation between the electromotive 
forces of electric cells and the chemistry of the cells for the simpler 
cases and cases involving dimers of various sorts, “semiquinones,”’ 
and coordination compounds; liquid junction effects; standardization 
of pH numbers and oxidation-reduction potentials; the use of ther- 
mal data; criteria of the reliability of potentiometric data; techniques; 
and miscellaneous topics. 


By W. MANSFIELD CLARK, Ph.D. Sc.D., DeLamar Professor Emeritus 
of Physiological Chemistry and Research Professor of 
Chemistry, The Johns Hopkins University 


1960 + 600 pp., 83 figs., 100 tables + $13.50 
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Alkaline phosphatase, bacterial: 


A phosphomonoesterase with a pH optimum of 8.0 and an unusual 
thermal stability. 


References: 1. Torriani, A. Biochimica et Biophysica Acta (in press) 


2. Garen, A. and Levinthal, C (Ibid) 


Alkaline phosphatase, nurified: 


An intestinal preparation which has approximately five times the activity 


of our previous alkaline phosphatase. 


Y Amino butyrate glutamate transaminase 
Succinic semialdehyde dehydrogenase 


A coupled enzyme preraration for the rapid spectrophotometric assay of 
Yamino butyrate (GABA), a compound of considerable current 


interest in the field of brain metabolism 


References: 1. Scott, EM. and Jacoby, WB., National Institute of Arthritis and 


Metabolic Diseases. Journal of Biological Chemistry, 234, No. 4, 932 
(1959) 


Mh ‘en 2. Jacoby, W.B. and Scott, EM., Journal of Biological Chemistry, 234, 


No. 4, 937 (1959) 
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fuge designed specifically to meet the increasingly 
diversified tasks of the modern laboratory, you 
should get the facts on the SERVALL SS-3 and 
SS-4. Ideally suited to nearly all preparative proce- 
dures in research, biological, clinical, industrial 
and quality control laboratories etc., the SS-3 
Pushbutton Automatic Superspeed, and the SS-4 
Enclosed Superspeed Centrifuges have proved to 
be the instruments needed to complement the 


accept the unique SERVALL 8 to 2 Tube Direct 
Sedimentation Continuous Flow System. In addi- 
tion to the SERVALL Rotors shown, there is the 
SERVALL SM-24 (24 tube, 360 ml, Superspeed) 
available, with others under development. Why not 
send for illustrated literature on these two highly 
versatile centrifuges and their accessories. ASK 
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